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Abstract
With recent advances in medicine, life expectancy has been steadily increasing.
This increasing geriatric populous encounter various age-associated diseases including
decline in immunity called immunosenescence, which renders them susceptible to an
extended array of pathogens like Staphylococcus aureus. These nosocomial pathogens
gain resistance to a variety of antibiotics, hence a strong innate immune system is
important for host survival. Caenorhabditis elegans has no complex immune system.
Hence, its an excellent model to study the innate immune response.
Royal jelly, a nutraceutical has been previously shown to prolong the lifespan and UV,
oxidative and heat shock resistance in C. elegans.Here, I show that royal jelly supplementation can promote survival of C. elegans when infected with several pathogens
across ages of the worm. Royal jelly supplementation introduced since developmental
stages or from later ages can protect the worms from pathogenic infections.Although
royal jelly is known to have antibacterial properties, it does not inhibit the growth
of these pathogens at the concentrations used in this study. Royal jelly improves the
integrity of the C. elegans gut which contributes to immunity of the worm.
Through episatasis genetic assays the involvement of DAF-16/ FOXO and Insulin
like signaling pathway (ILS) in royal jelly mediated improvement of immunity was
observed.The conserved immune response pathway in C. elegans p38 MAPK and the
canonical Wnt signaling are also required for royal jelly mediated immune response.
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Chapter 1
INTRODUCTION
1.1

Organismal Senescence and why it matters
Aging is often the luxury of a privileged few. It is defined as the decline in

physiological functions of the organism over time[92]. Under ideal conditions, organisms uses complex mechanisms at the cellular and tissue level to maintain its internal
system in response to different internal and environmental stimuli. This mechanism
is called homeostasis. In an aging organism, the risk of failure increases with time
as it encounters different stresses due to its own metabolic activities and changes
in its environment. To protect itself from the stresses organism must maintain its
homeostasis. Homeostasis is a multifaceted process which includes proteostasis DNA
damage repair and maintenance of the mitochondrial respiratory mechanisms. As
time progresses, the organism has reduced ability to cope with this homeostasis. The
process of aging is also called as organismal senescence[43, 53]. When we refer to
aging in this study, we generally talk about this organismal senescence.

Amongst humans, the study of aging is relatively recent as we have longer con1

temporary life expectancies. Aging can be differentiated from other diseases through
characteristics such as intrinsicality, universality, progressivity, irreversibility and genetically programmed[94, 90]. The cause of a disease arising from within an organism
without external interference is called intrinsciality. The disease must occur in all
organisms which is called universality. The disease should have no specific cure which
leads to progressive decline in the health of the organism, irreversibility. There is
genetic predisposition that guarantees the occurrence of the disease, genetic programming.

These charachteristics are observed in the context of aging with certain exceptions. Instrinsicality refers to the process of aging occurring internally in an organism.
However, extrinsic factors like stress contribute to the rate of aging. The universality refers to the aging process across all members of the same species. Progressivity
describes the gradual and steady decline of the functions during the aging process.
Irreversibility refers to the inability of the organism to cure itself of the dysfunction
caused.

Genetically programmed refers to the design of certain genetic characteristics
which can cause the dysfunctions at a later age that can accelerate aging. From the
evolutionary perspective aging, has been explained as the accumulation of mutations
over time which leads to systemic failure[94].

2

1.2

Theories on aging and its implication in diseases
One of the prominent theories on the cause of aging is the mutation accu-

mulation theory which states that there is decline in the strength of selection as an
organism ages. This theory argues that the genes expressed in earlier stages of life
are under stronger selection when organisms have higher probability of passing genes
to future generations. The genes expressed after an organism’s peak reproduction
period are more prone to accumulation of maladaptive mutations as they are under
weaker selection pressure[96, 90]

Another theory proposed is the antagonistic pleotropy theory, which states
that characteristics that favor growth and survival at a younger age may be selected
for, even if they may cause problems in later life. This theory proposes that certain
genetic features that increase mating and reproductive success may be deleterious at
a later age. This theory factors in natural selection to be applicable throughout the
lifespan of the organism. Cellular senescence is often explained by adaptive pleiotropic
theory[90, 161].

Age associated diseases can be chronic, leading to the mortality at an advanced
age, or acute resulting from long term ailments. These diseases are broadly classified
as age dependent diseases and age related diseases, such as Alzheimers, Type II
diabetes and Parkinsons disease. A common feature amongst these diseases is that
the morbidity associated with them increases with age. Age related diseases on the
other hand are those that are associated with a specific age and the frequency of
their incidence does not exponentially increase with age. Multiple sclerosis, Gout
3

and others are age related diseases[94, 90].

1.3

Age associated decline in immunity
A key feature in aging is immunosenescence, the decline in immunity with in-

creasing age. This phenomenon is called Immunosenescence. Immunosenescence is an
age dependent disease. Immunosenescence can promote susceptibility to infections,
thereby increasing mortality and morbidity.[117, 44]. or example, immunosenescence
is associated with increased sensitivity to protozoan infections, nosocomial infections
and pneumonia in elderly populations. Also, a decline in antibody response to influenza vaccine has been observed amongst the older populations[116, 42].

Immunosenescence and aging form a vicious feedback loop. Immunosenescence
leads to increased infection that causes increased damage to tissues and inflammation
which leads to further accelerated aging[42, 164].
Immunosenescence leads to modulation of both innate and acquired immunity. The
reduction in immunity may not always correspond to reduction in number of immune
cells. Rather, immunosenescence may act by altering the functioning of immune
cells. In case of innate immunity, NK cells and Neutrophils show reduced activity on
cytokine stimulation but the general activity is higher leading to higher base inflammation in the aged population. One the other hand, some macrophages show altered
secretion of cytokines in older age.

B-lymphocytes, which are part of the adaptive immune system show declined
production of antibodies in advanced age. Responses of T cells are varied. Thymus
inversion is observed in adult humans at the time of maturity. Hence, the amount
4

of Nave T cells is limited. Older organisms have fewer Naive T cells with which to
respond to unfamiliar pathogens. Also, T cells in older organisms become less responsive which also contribute to increased inflammation. [42, 95]. These studies indicate
various dynamics in innate and adaptive immunity over the lifespan of an organism.

However, these dynamics result in decline of functioning of individual immune
mechanisms while the overall base levels of inflammation increase over time[35]. Inflammaging acknowledges pathogenic infection as a form of stress and like any other
stress it can cause hormesis or severe aging depending on the extent of stress and
the ability of an organism to tolerate stresses. In young and middle aged adults,
inflammation plays a key role in fighting pathogens in the organism. However, as
the organisms ages, the effects of these inflammatory responses accrue leading to increased number of damaged cells and tissues which lead to increased aging this in turn
leads to increased decline in immunity. The inflammaging theory fits with the antagonistic pleiotropy theory in explaining the benefits of improved immune response at
a younger age leading to aging related changes at an older age[94, 35]

Few studies are done on the molecular mechanisms that are involved in the
immunomodulation during aging. This study aims to investigate the mechanisms
associated with.

1.4

Caenorhabditis elegans as a model organism
Caenorhabditis elegans, a nematode is a widely-studied model organism [21].

It is small in size and varies in size from 0.25 mm to 1 mm depending on its age.
They can be observed through a simple dissection microscope. Its transparent body
5

makes it easy to observe the internal organs of a live C. elegans under the microscope.

They are grown on a medium (Nematode Growth Medium) that contains minimal bactopeptone, NaCl and Agar, which acts as a solid substratum for the nematode
to crawl on [12]. C. elegans is a bacteriovore. Hence, they are fed on a uracil auxotroph of E. coli, OP50 in labs as standard food. Being an auxotroph, OP50 grows
in a limited manner on NGM [12, 143].

C.elegans is useful to study developmental biology as it has a short lifespan of
two weeks. It goes through four larval stages to reach adulthood in around 42 hours
when grown at 25o C. The optimal incubation times are closer to room temperature
for C. elegans. Also, the larval stages are easily distinguishable by visual observation
under a dissection microscope.

C. elegans is a well studied model organism. C. elegans is a eutelic organism
with 1031 cells in the hermaphrodite. C. elegans is a hermaphrodite. Hence, it is
more genetically stable across generations for a multi cellular organism [21, 12]. It
is also genetically amenable. The entire genome of C. elegans has been sequenced
[148]. The neural network of C. elegans is also available and all this knowledge has
helped in identifying specific characteristics to specific genes through genetic screening. Lot of genetic mutants of C. elegans are available. They are also easily genetic
manipulation by RNAi. RNAi can be administered through microinjection of dsRNA
or soaking the nematodes in a solution of dsRNA or by feeding them on a colony of
E.coli which carry the dsRNA [101, 144, 150]. An entire library of RNAi bacteria covering up to 86% of the genome is available to silence different genes in C. elegans [68].
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Crucially, unlike other model organisms, it lacks any known adaptive immune
mechanisms thereby making it an ideal organism to study innate immune response
[28].

1.5

Conventional immunity in C. elegans
C. elegans being a bacteriovore and frequently encounters pathogens in the

process. The nematode has hence found methods to protect itself from these pathogens.
In the past two decades, C. elegans have been used to study pathogenesis and immunity [39, 81, 146]. There are three main mechanisms employed by C. elegans to
defend itself against pathogens [133]. They are the behavioral responses, physical
barriers and the physiological defense [133].
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Figure 1.1: Pathogen response mechanisms in C. elegans
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1.5.1

Behavioral responses of C.elegans towards pathogens
Recognition and coordinated behavioral reactions are the first line of defense.

C.elegans has four known mechanisms of behavioral response to pathogens.The worms
can show a naive or learned aversion through olfactory senses. The worms may also
show a response based on oxygen concentration in the bacterial lawn or through a
mechanosensory neuronal response(fig.1.1).

For some bacteria, the C. elegans has an innate olfactory response that results
in aversion from the lawn of the pathogen [97]. This aversion exists without a previous
exposure to the said pathogen. This phenomenon has been observed in the response
of C. elegans towards Serratia marcesens [120]. The worms could detect the presence
of a cyclopeptide Serrawettin W2 released by S. marcesens and were showing avoidance behavior in response to it. A second mechanism of bacterial avoidance is the
olfactory aversive learning [97]. Pseudomonas aeruginosa is known to cause killing of
C. elegans [146]. When the wild type worms are added to a lawn of P. aeruginosa,
initially they are attracted to the lawn but they later show aversion to it [125]. The
P. aeruginosa secretes homoserine lactones which attract the wild type worms but
after they get infected, the worms show aversion to the lawn of P. aeruginosa [6].
Serotonin is a neurotransmitter secreted by the olfactory neurons ADF in C. elegans
plays an important role in the nematodes learning pathogen avoidance [166]. The
serotonin acts on MOD-1 ( a serotonin gated chloride channel) which slows down
locomotion of starved or freshly fed C. elegans on fresh bacterial lawn [124]. MOD-1
has been shown to play an important role in pathogen avoidance [166].

The third behavioral response towards oxygen concentration. C. elegans tries
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to maintain an internal oxygen concentration of 10%. Hence, it moves to avoid hyperoxia and hypoxia. This is movement is called aerotaxis [14]. However, in presence
of food, the aerotaxis movement is altered to favor scavenging for food. This behavior
is through the overexpression of the neuropeptide receptor (NPR-1) [14]. However,
in presence of mucous producing bacteria, like certain pathogens, the activity of npr1 is suppressed. This causes the worms to form aggregates in the mucous biofilms
of the pathogens making them difficult to escape colonization [97, 126]. Another
neurosensory mechanism involved in aversion is the mechanosensory neurons. In C.
elegans, the E3 ubiquitin ligase (HECW-1) acts downstream of the lateral outer labial
neurons (OLL) are part of mechanosensation alter pathogen avoidance in presence of
P. aeruginosa. In P. aeruginosa pathogenesis of C. elegans, the HECW-1 leads to
downregulation of the NPR-1 which leads to increase in aggregation of the worms in
the bacterial lawn [15].

Conserved regions on pathogens that are not found in host are called Microbe
Assisted Molecular Patterns (MAMPS). These molecules bind to Pattern recognition
receptors (PRRs). A known PRR in C. elegans are the Toll Like Receptors (TLRs).
The TLRs are found in the worm proteins TOL-1 and TIR-1 [28, 79, 78]. In adult
worm tol-1 expression is majorly found in the neurons [78, 79]. TOL-1 was found to be
involved in the ability of C. elegans to avoid S. marcesens [120]. The Insulin receptor
homolog of C. elegans, the daf-2 gene is also known to be involved in pathogen evasion
behavior [79].
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1.5.2

Physical barriers that protect C .elegans from pathogens
Physical barriers of the pathogen consist of the external surface coat and the

grinder. The cuticle is multi layered flexible and resistant exoskeleton made up of
collagen. Amongst other functions it protects the worm from the external environment. Outside the cuticle is a lipid rich layer and this further covered by an external
glyocoprotein rich layer. This layer gives the worms a net negative charge and plays
a role in immune evasion [79, 113]. This layer helps in protecting surface colonization
and adhesion from pathogens like Microbacterium nematophilium. The Srf (Surface)
and Bus (Bacterial unswollen) are sets of genes that code for stage specific carbohydrate epitopes nad glycosylation residues respectively. These genes are most known to
be involved in surface coat based protection from M. nematophilium, Yersinia pestis
and Yersinia pseudotuberculosis [46, 23]. They act by providing physical barriers or
altered antigen expression which makes it difficult got the pathogen to adhere to the
surface [23].The other organ involved is the grinder. The grinder is part of the C.
elegans pharynx. It is a rigid trilobed structure composed of chitin reinforced collagen and is present in the terminal bulb of the pharynx. It aids the worm in chewing
bacteria and thereby killing them. This helps in preventing pathogenic bacteria from
colonizing the gut. This phenomenon has been reported in the pathogenesis of S.
Typhimurium in C. elegans [81]. However, there is an age-related decline in grinder
efficiency [79].

1.5.3

Antimicrobial response to C. elegans from pathogens
The third line of defense are the inducible physiological defenses which are

generally classified as either anti-microbial factors or detoxification proteins. Antimicrobial proteins are further categorized as lysozymes, caenopores and lipases.
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Lysozymes are the most common inducible enzymes. In C. elegans lys-1, lys-7 and
lys-8 are commonly regulated on infection. Caenopores are saposin and ameobapore
like proteins. Saposins are involved in lysosomal degradation of lipids. Amoebapores
are involved in pore forming activity against Gram - positive bacteria. Also, spp-1 a
key saposin regulator, is regulated by daf-16 [28, 133]. Saposins can be constitutively
expressed like spp-5 or may be expressed in presence of a pathogen like spp-3 [128].
They are expressed in specific areas like the intestinal lumen, spp-5 or pharynx, spp7. Lectins are also produced in response to pathogens. They are regulated by the
lec and clec genes in C. elegans. There are at least six genes known to be involved
in production of anti-bacterial peptides. They are categorized as antibacterial factor
genes (abf) [28, 133].

The detoxifying enzymes are those that target toxins produced by the pathogen.
Generally, these enzymes are involved in other stress responses like oxidative stress.
Hence, superoxide dismutase sod-3, metallothionine mtl-1, catalases ctl-1 and ctl-2,
glutathionine S- transferase gst-4 are some of the detoxifying enzymes that elicit
a protective response. The expression of these enzymes is under certain important
transcription factors like DAF-16 [133, 28].
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1.6

Conserved signaling pathways involved in C.
elegans
To elicit the various responses to pathogen invasion that are mentioned in the

previous section, a variety of signaling pathways are involved. These pathways have
analogous mechanisms which exist in higher order organisms. Hence, the knowledge
about the mechanism of these pathways will help in understanding immunity elicited
by higher order organisms.

1.6.1

p38 MAPK
The p38 Mitogen Activated Protein Kinase (PMK) pathway is a prominent

pathway in C. elegans immunity [70]. It is one of the three known MAPK pathways
of C. elegans. This pathway consists of the neuronal symmetry family member 1
(nsy-1 ) as a MEKK, and SAPK/ERK1 (sek-1 ) as MAPKK and pmk-1 is the MAPK
[70].

There are different upstream activators of this pathway. unc-43 and tir-1 can
up regulate this pathway. The two genes nsy-1 and sek-1 are known to be involved in
the development of C. elegans. They are involved in the determining cell fate of the
AWC sensory neurons up on activation by Uncoordinated 43 (UNC- 43). However,
UNC-43 is not involved in the p38MAPK signaling during immune response [70]. TIR
-1 is one of the two Toll like Interleukin -1 (TLR) domain containing protein in C.
elegans. The TLR domain proteins are usually involved in pathogen recognition. In
C. elegans, TIR-1 is shown to be involved in the immune response to Gram - positive,
Gram - negative bacteria and fungi. tir-1 has been found to act upstream of pmk-1.

13

TIRs are associated with different adapter proteins. TIR-1 is known to be associated
with the human ortholog of SARM. However, the TIR-1 mediated activation of pmk-1
seems to be independent of conventional TLR signaling pathway as other downstream
factors like NF- kB are not activated by this mechanism. TIR-1 activation has been
shown to activate nucleopeptide like proteins (NLPs) in response to fungi. Hence,
they are directed responses. Also, TIR-1 can heterodimerize to interact with different
proteins. This can cause them to produce specific and different downstream responses
to various pathogens through the p38 MAPK pathway [22, 88](fig. 1.2).
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Figure 1.2: The p38 MAPK pathway in C. elegans
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1.6.2

Insulin like signaling pathway
When C. elegans encounters stress, the eggs of the worms develop in an alter-

nate larval stage after L1 called the dauer stage that are more resistant to stress [13].
The dauer stage worms are less active juvenile stage of worms that can survive long
periods of starvation [13]. Two of the genes involved in the worms decision to enter
dauer stage were the C. elegans insulin receptor homolog daf-2 (Dauer formation)
and the FOXO homolog daf-16 [155, 89, 72]. In dauer formation, the daf-16 acts
downstream of daf-2 [155]. This daf-16 mediated daf-2 pathway was also found to
be involved in lifespan extension and pathogen resistance in C. elegans[83, 69, 40].

In the Insulin Signaling pathway (IIS), insulin like peptides (ILPs) bind to
the insulin receptor (DAF-2). This leads to the autophosphorylation of the receptor,
which in turn activates the phosphoinositide kinase PI3K (AGE-1) by transphosphorylation. The AGE-1 now generates PIP3 activates serine/ threonine kinase PDK-1,
which in turn activates AKT-1 and AKT-2. All these activations are also carried out
through phosphorylation. AKT-1/AKT-2 in turn phosphorylates FOXO (DAF-16).
The DAF-16 interacts with 14-3-3 proteins PAR-5 and FTT-2. This complex retains
the DAF-16 in the nucleus in the inactive state[83, 89, 69, 85, 103]. When DAF-2
is not induced, the DAF-16 is not phosphorylated and it enters the nucleus where it
activates different stress response and longevity related genes(fig.1.3).
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Figure 1.3: Insulin like signaling pathway
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1.6.3

Wnt signaling
Wnt signaling leads to the formation of special regulatory compounds that

make important decisions regarding cell fate which helps in determination of the axis
of the embryo, tissue and organ organization during early development [131]. In
some organisms, it is known to play roles of homeostasis, cell renewal and regeneration in adult organs[154]. Wnt signaling can be broadly classified as canonical and
non-canonical signaling. The classification is based on the involvement of a key component β- catenin. Canonical signaling pathway shows the involvement of β- catenin.

β- catenin is generally found in low concentrations in the cytoplasm. In the
absence of a wnt signaling, β- catenin is phosphorylated and marked for degradation
by a multi protein destruction complex. The complex consists of Axin, Adenoma
Polyposis complex (APC), glycogen synthase kinase 3 (GSK-3), Casein kinase (CK1)
and protein phosphatase (2A). When WNT ligands bind to Frizzled receptor and
LRP 5/6 (Lipoprotein Receptor related protein), the frizzled binds to a cytoplasmic
protein Dishelved. Dishelved then recruits axin and the associated APC and the
GSK-3. This leads to the disruption of the destruction complex and - catenin is not
tagged for ubiquitnisation. The β- catenin now increases in concentration and enters
the nucleus. Here it binds to transcription family of the TCF (T- Cell Factor) family. TCF family of transcription factors act as transcriptional regulators but act as
transcriptional activators in presence of β- catenin[154](fig.6.3).

C.elegans has four separate β- catenins: BAR-1, HMP-1, WRM-1, SYS-1[131].
The BAR-1 acts as the β- catenin in the canonical Wnt signaling [77]. PRY-1 and
AXL-1 are the axin ortholog, APR-1 is the APC ortholog and GSK3 is the GSK3
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otholog [131]. POP-1 is the TCF-1 ortholog [77, 109]. EGL-20 has been identified
as the wnt, LIN-17 as frizzled, MIG-5 as dishelveled in certain Hox gene expression
for neuroblast migration[109]. There are other variants of these proteins in C. elegans[131].

The non-canonical signaling also called Wnt/ MAPK pathway is important for
P2 signaling in EMS. In EMS cells, E stands for Endoderm, which is present in the
posterior side of the embryo. The MS stands for Mesoderm, which is in the anterior
side. It has been found that the Endoderm cells have less POP-1 in the nucleus as
compared to the MS cells. This phenomenon is mediated by the β- catenin WRM-1.
When WRM-1 enters the nucleus, it activates LIT-1, a kinase. LIT-1 phosphorylates
POP-1. WRM-1 and POP-1interact with each other during this phosphorylation.
The phosphorylated POP-1 is released from the WRM-1, LIT-1 complex and is taken
to the nucleus by PAR-5, the 144-3-3 homolog in C. elegans [25, 131].
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Figure 1.4: Wnt signalling pathway
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1.7

Nosocomial pathogens and their pathogenesis
Nosocomial pathogens are hospital acquired pathogens. They do not cause

infections among the general population but can infect people who are exposed to
them in hospitals through catheters, surgeries or those whose immunity is compromised through sickness or chemotherapy. These pathogens are known to develop
antibiotic resistance.[27]. Hence, a strong innate immune response can put forth a
strong initial resistance against a variety of these pathogens. Here, I am describing two common nosocomial pathogens used in this study, Staphyloccus aureus and
Enterococcus facecalis. They are both non sporeforming bacteria that are theromotolerant, alkali tolerant, halolerant. S. aureus is catalase positive while E. faecalis is
catalase negative.[55, 73, 4, 107].Beig highly resistant to dessication, heat and osmotic
stress, they can survive harsh conditions and enables their survival in hospitals. They
can spread through dry unclean and poorly sterilized tools. These bacteria are also
highly antibiotic resistant which contributes to their virulence. In case of E. faecalis,
virulence is transferred through horizontal transfer of plasmids[107].

1.7.1

Staphyloccus aureus
Staphylcoccus aureus morphologically form grape like clusters of spherical bac-

teria. On common nutrient media, they form colonies that are golden in color. They
produce β-hemolysis on the blood agar. They cause the lysis of Red Blood Corpuscles on the blood agar by producing hemolysin. The color is due to the pigment
aurolysin.[55, 73].
Skin and mucous membranes of warm blooded mammals are natural habitats of S.
aureus. In humans, they generally colonize the nasal membranes. Around 10-40% of
human adults are carriers of S. aureus where they do not show any signs of infection
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[36].

In humans, S. aureus is known to cause community-acquired and nosocomial
infections. It is an opportunistic pathogen. It is the fourth most common nosocomial
pathogen that infects older adults and the second most common cause of surgical site
infection[163].

1.7.1.1

Infections in humans caused by S. aureus

Bacteremia : It is the infection of blood by bacteria. It is a common problem
amongst elderly and others receiving hospital care. Dialysis, diabetic needle shots,
prosthetics, drug addicts are all at high risk of bacteremia by S. aureus. This infection can lead to high fever shock and abscesses of other sites like kidney, liver, lung
heart and brain [36, 163].

Respiratory tract infections: S. aureus is the second biggest cause of pneumonia in older adults. This type of pneumonia leads to shortness of breath but doesnt
cause fever or cough. Hence, the diagnosis is delayed in certain patients. S. aureus is
also a leading cause of endocarditis, the infection of heart tissues and valve. It is generally caused using intra vascular device usage or spreading from bacteremia[36, 163].

Topical and osteoarticular infections: With aging, there are changes in
skin like reducing elasticity, forming of wrinkles, thinning of skin, decreased blood flow
and pressure. These changes can lead to breaks in skin and ulcers, which along with
the reduced immunity of the aged population can contribute to S. aureus infection
like folliculitis, cellulitis and carbuncles. Further spread of the infection can cause
osteomyelitis and septic arthritis. Osteomyelitis is the localized infection of a bone
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and septic arthritis is the infection of the joints by bacteria[36, 163].

1.7.2

Enterococcus faecalis
They are natural colonizers of human and other mammalian guts. Being en-

terococci they are often found in feces and sometimes in vaginal or oral sites[4, 107].

Similar to S. aureus, they often use haemolysins and cytolysins as virulence
factors. They also produce gelatinases and serine proteases to invade host tissues and
supress activity of lymphocytes[4].

1.7.2.1

Infections in humans caused by E. faecalis

Urinary Tract infection: It is the most common route for infection in a
nosocomial environment. Incidence of enteroccal infection is high amongst catheter
using patients. E. faecalis produces extracellular serine proteases and gelatinase which
help them invade tissues and and colonize them.E. faecalis also codes for an collagen and lamnin adhesin Ace which aids in helping them in colonizing the site of
infection.[107, 4]

Endocarditis: It is a common form of enterococcal infection. The general
port of entry for the pathogens include genito urinary tract and biliary tracts. There
is a higher incidence of enterococci endocarditis amongst older aged men than the
rest of the population[107]. Bacteremia: It is a very prevalent form of enterococcal infection. It generally follows an infection of the urinary tract or endocarditis.
Other sources of bacteremia include cathethers, burn, intra abdominal or biliary
wounds.Enterococci based bacteremia leads to higher incidence of mortality in pa-
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tients over 56 years of age[4]. E. faecalis is known to produce cytolysins that help in
breaking down of RBC and thereby enabling bacteremia.

1.8

Enteric pathogens and their pathogenesis
Enteric pathogens are those that infect the intestines of animals. Enteric

bacteria are capable of surviving extremes of temperature, pH and digestive enzymes
in order to survive the gut environment. They generally cause acute diseases on
infection. On infection, some of the symptoms are manifested by the ability of bacteria
to infect cells of the immune system. Hence, a robust innate immune response can
improve the survival of animals. Here I briefly review the two pathogens that I studied
and discuss their pathogenesis. The enteric pathogens generally colonize the gut and
displace the normal microflora. They require vectors like contaminated food, water to
transmit the infection[107, 20]. Here, I briefly describe two enteric pathogens tested
for this study.

1.8.1

Salmonella Typhimurium
Salmonella entrica var Typhimurium is a Gram - negative facultative anaero-

bic rod. It is an intracellular pathogen that colonizes the intestine of mammals by out
competing the commensal bacteria. [20]. In humans, the infection causes enterocolitis whose symptoms include abdominal pain with myalgias, nausea and constipation.
Immunocompromised people also show symptoms of diarrhea. Systemically it causes
typhoid fever. The bacteria initially colonize the Peyer’s patches. They ae then further capable of infecting other cells including hepatocytes, macrophages, neutrophils
and dendritic cells[165, 140].
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Virulence factors of S. Typhimurium are generally controlled by specific set
of genes called Salmonella Pathogenicity islands (SPIs). The SPI1 codes for effector
proteins and Type three secretion system(TTSS-1). The TTSS-1 are required for
invasion of the bacteria in to epithelial cells and the effector proteins are required
for adhesion and colonization. The TTS-1 also play a role in activating macrophages
to the site[140, 91]. The other virulence factor called TTS-2 is regulated by SPI2,
which is required for necrosis of macrophages. This leads to destruction of cells in
the intestine leading to symptoms of diarrhea[165, 91].

1.8.2

Vibrio chloerae
Vibrio cholerae is a gram negative highly motile curved rod with a single po-

lar flagella. They are responsible for spreading cholera, a life threatening diarrheal
disease. Symptoms of cholera include vomiting, diarrhea with rice water stools. The
diarrhe leads to excessive loss of fluids leading to dehydration which leads to sunken
eyes, clammy skin, and dry mucous membrane. It generally spreads through unclean
water and a common problem in developing nations. It is an extracellular pathogen
that invades the intestine[140, 160].

V. cholerae produces specific fimbriae called the toxin coregulated pilli (TCP)
which help in adhesion of the cells with mucosal lining of the intestine. It aids in
achoring the bacteria to the mucosal lining. TCP forms elongated intertwining fimbriae helps in colonization by causing the bacteria to autoaggregate. The TCP also
shields V. cholerae from bile. Another component of colonization is the flagellum
which helps the bacteria travel and penetrate the mucosal surface. The bacteria also
produce hemagglutinins which is a protease that aids in alterations of the cell mem-
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branes of the mucosal lining of the intestine.A major determinant of pathogenicity
is the exotoxin cholera toxin. Toxin enters the cytosol of the epithelial cells through
endocytosis. Here, the toxin causes the cell to produce cAMP, which leads to secretion of anions with inhibition of sodium chloride. This leads to massive secretion of
fluids[140, 160].

1.9

Role of royal jelly a functional food as a tool
in identifying pathways and targets for drug
development

1.9.1

Functional food
The role of diet and a healthy lifestyle has been expounded in many epidemi-

ological and clinical studies [134, 50, 108]. Functional foods are those, which provide
benefits other than those of nutrition, which include improved resistances to stress,
enhanced immune response, prevention or cure from a specific disease or regulate aging processes [45]. Functional foods are naturally derived and part of the diet. Some
of the spices like turmeric, fenugreek seeds and garlic when used as is are considered
as functional foods. They are known to have hypocholestromic and hypolipidemic
effect on the body [142]. Nutraceuticals are functional foods that are processed and
sold as powder, capsule or tablet and are targeted towards specific beneficial properties [134]. Ginko biloba extract has been shown to reduce Aβ oligomerization in C.
elegans [162]. Cranberry extract has been shown to reduce Aβ aggregation in C. elegans models [51]. Thereby these two nutraceuticals have been shown to help prevent
Alzheimers disease. Cranberry extract has also been shown to promote lifespan in C.
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elegans and protect them from oxidative and heat shock [49, 50].

1.9.2

Physiological benefits of Royal jelly consumption
Royal jelly is secreted by the mandibular and the hypopharyngeal region of

the worker honey bee Apis melliferra. It has been a traditional Chinese and Japanese
supplement[158]. It is known to have antioxidant, anti-inflammatory, anti-tumor, antibiotic, hepatoprotective, neurotrophic properties amongst others. There have been
previous reports on the ability of royal jelly to modulate adaptive immune response in
mice [112]. There are two major components of royal jelly, the major royal jelly protein and 3,10 dihydradecnoic acid. In mice, Major Royal Jelly Protein -3,MRJP3 has
shown to reduce the production of IL-2, IL-4 and IFN - γ in T-cells[112]. 10H2DA, a
fatty acid found in royal jelly is known to be immunosuppressive by decreasing spleen
T cells and downregulation of IL-12 in rats. A different fatty acid known as 3, 10
dihydroxydecanoic, upregulates the expression of certain costimulators of dendritic
cells [41, 156].

Recent studies have shown royal jelly to extend the lifespan of C. elegans[158,
57]. The lifespan extension by royal jelly has been shown to be dependent on the
insulin signaling pathway [158]. The lifespan extension also enlists sir2.1, 14-3-3 and
hcf-1. It has also been shown that royal jelly can protect the C. elegans from oxidative, UV irradiation and heat shock stress[158]. Royal jelly also aids in improving
proteostasis in C. elegans [157]. Proteostasis is important in preventing protein toxicity which leads to diseases like Alzheimers.

Certain studies also show that 10H2DA can extend lifespan of C. elegans in
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an insulin signaling independent manner [57]. 10H2DA extends lifespan in a TOR
pathway dependent manner. It works by creating dietary restriction in C. elegans
[56]. 10H2DA is also known to cause heat shock and oxidative stress protection [56].

Hence, there are multiple components in royal jelly which act along different
pathways. They work together either parallel to each other or interact to cause
different responses. The mechanisms which work towards immune modulation in C.
elegans has yet to be studied and is a main goal of this research.
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Chapter 2
MATERIALS AND METHODS
2.1

Strains used
All C. elegans strains were obtained from the Caenorhabditis Genetics Center

(CGC), University of Minnesota, USA and maintained on Nematode Growth Medium
(NGM) on 60mm plates seeded with 100 µLt of E. coli OP50 overnight before its use
[37]. The strains N2 Bristol (wild type), pmk-1 (km25), sek-1 (ag1), nsy-1(ag03), daf16(mgDf50), jnk-1(gk7), axl (tm1095), egl-20 (mu39), lin-17 (e1456), dsh-1 (ok1445)
were maintained at 25o C. The strains daf-2 (e1370), age-1(hx546), hsf-1 (sy441), bar1 (ga80) on the other hand, are temperature sensitive and maintained at 16o C. The
bacterial cultures used in this study are Escherichia coli OP50 , S. aureus (ATCC
25923), E. faecalis (ATCC 47077), S. typhimurium (ATCC 14028), and V. cholerare
C6706 (O1 El Tor isolated from Peru)[149] . The E. coli OP50 and V. cholerae were
maintained in Lysogeny Broth (LB) with 100µg/ml Streptomycin. S. typhimurium
was maintained on LB. E. faecalis and S. aurues were maintained on Brain Heart
Infusion media. E. coli OP50 was grown in LB with static conditions at 37o C. All
other bacteria were grown at 37o C in a shaker at 120 rpm in their respective media.
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2.2

Preparation of RJ/eRJ
Royal Jelly used in this study was provided by Yamada apiculture Center, Inc,

Okayama, Japan as a powder. Two types of royal jelly were used in this study. The
first one was royal jelly powder (RJ), which was suspended in sterile distilled water
and added at a final concentration of 2mg/ml in NGM [158]. The other type of royal
jelly was treated with hydrolytic enzymes (eRJ) to reduce the allergenic properties
of royal jelly. This powder was also suspended in sterile distilled water and added
to NGM at a final concentration of 1mg/ml [158]. The control, RJ and eRJ NGM
prepared for this study do not contain streptomycin.

2.3

Growth curve
An overnight culture of all pathogens were inoculated in 50 ml of their respec-

tive media with RJ and eRJ to attain an initial OD of 0.01 at 600 nm. Controls
without royal jelly were run for each trial. The flasks were incubated at 37o C with
shaking at 120 rpm and readings were taken every hour till the log phase passed.
Growth curve was plotted and the growth rate was calculated.
Growth rate=tLog2/[logn-logN] Where t = Time between the time points N
= OD at the second time point on the log phase N = OD at the initial time point
in the log phase The experiment was performed in triplicates and significance was
calculated by unpaired T tests with p-value less than 0.05 was considered significant.

2.4

Gut colonization assay
C. elegans N2 was synchronized on either RJ, eRJ or control NGM seeded

with OP50 at 25o C. The worms would develop to L4 stage. Twelve random worms
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were transferred on to their respective FUdR plates seeded with 50µL of the pathogen
or 100µLt of E. coli OP50 and allowed to grow till the either Day 2 or Day 6 at 25o C.
Ten random worms of the desired age of each treatment were then transferred to BHI
with 50 µgm gentamycin plates for 2 hours to shed the bacteria on their surface. The
worms were collected in 1ml of S-basal and then disrupted by centrifugation at 14000
rpm with 400mg of 1mm silicon carbide particles [104, 24]. The suspension was then
serially diluted with S-basal and plated on their respective media using a modified
Miles and Misra method[98]. The bacterial colonies were counted the next day after
incubation at 37o C for 24 hours. Three biological replicates were carried out. The
data was analyzed by performing students unpaired t tests with p-value less than 0.05
was considered significant.

2.5

RNA extraction from S. aureus
S. aureus was grown in BHI supplemented with RJ/ eRJ at 37o C on a shaking

at 120 rpm overnight. One ml of each treatment was spun down at max rpm centrifugation. The pellets were washed with sterile M9 twice. The pellets were resuspended
in 100 µL of RNAzol RT. In three bead beating tubes, 10 mg of 200 µ size Zirconium
beads were collected. S. aureus suspended in RNAzol RT were transferred to one
tube per treatment of the bead beater tubes with Zirconium beads. The samples
were subjected to multiple rounds of bead beating at 400 rpm for 60 secs each on a
beadbugz bead beater with an intermittent step of cooling on ice for 1 min. After the
treatment, 900 µL of RNAzol RT was added to each tube and one more round of bead
beating was carried out. The sample was now processed as per the protocol provided
by the manufacturer of MRC RNAzol RT. RNA quality was tested on a BIOTEK
TAKE 3 plate reader and was above 2.0. The RNA samples were also analyzed on
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Genes tested
16SrRNA
16SrRNA
sarA
sarA

orientation
Sequence
Fwd
5’-TGTCGTGCGATGTTGGG-3’
Rev
5’-CGATTCCAGCTTCATGT-3’
Fwd
5’-GATTTTCAATTAGCTTTGA-3’
Rev
5’-CTTGTGGTTGTTTGTAGTTT-3’

Table 2.1: Primers used to test for sarA gene expression
1% agarose gels to look for DNA and protein contamination and smearing.

2.6

qRT PCR of S. aureus master regulator
cDNA was synthesized using Bioline cDNA synthesis kit. Quantitative Real

Time Polymerase Chain Reaction (qRT- PCR) was performed using Bioline sensiFAST SYBR on the Applied Biosystems Step One PCR detection system. Cycling
conditions consisted of initial denaturation at 95o C for 3 minutes, followed by 40 cycles of denaturation at 95o C for 10 seconds, annealing for 30 seconds. The annealing
temperature for S. aureus gene expression was 52o C. The housekeeping 16S RNA
gene was used as a control to normalize for gene expression for S. aureus primers.
Gene expression was calculated by the Comparative Ct 2(−Ct) method [132]. Three
independent trials were performed with new RNA each time. Statistical analysis was
performed using unpaired student t-test with a significance level of p <0.05 considered
to be statistically significant.

2.7

RT PCR for C. elegans immune response genes
cDNA was synthesized using Bioline cDNA synthesis kit. Quantitative Real

Time Polymerase Chain Reaction (qRT- PCR) was performed using Bioline sensiFAST SYBR on the Applied Biosystems Step One PCR detection system. Cycling
32

Genes tested
act-1
act-1
dod-22
dod-22
spp-1
spp-1
F35E12.5
F35E12.5

orientation
Sequence
Fwd
5’-CCAGGAATTGCTGATCGTATGCAGAA-3’
Rev
5’-TGGAGAGGGAAGCGAGGATAGA-3’
Fwd
5’-TTGTTGGTCCCAAGTTCACA-3’
Rev
5’-AAGAACTTCGGCTGCTTCAG-3’
Fwd
5’-TGAACATCGGAACTCTTTGC-3’
Rev
5’-TCAGCTCTTCCTCACACTCG-3’
Fwd
5’-ACACAATCATTTGCGATGGA-3’
Rev
5’-GGTAGTCATTGGAGCCGAAA-3’

Table 2.2: Primers used to test for C. elegans immune response
conditions consisted of initial denaturation at 95o C for 3 minutes, followed by 40 cycles of denaturation at 95o C for 10 seconds, annealing for 30 seconds. The annealing
temperature for C. elegans gene expression was 60o C. The act-1 gene was used as a
control to normalize for gene expression for the primers. Gene expression was calculated by the Comparative Ct 2(−Ct) method [132]. Three independent trials were
performed with new RNA each time. Statistical analysis was performed using unpaired student t-test with a significance level of p <0.05 considered to be statistically
significant.

2.8

Killing assays
C. elegans strains were synchronized by allowing twenty Day 1 gravid hermaphrodite

worms to lay eggs on NGM media of respective treatments (Control, RJ or eRJ)
seeded with 100µL of E. coli OP50 for 3- 5 hours at 25o C for N2 and certain mutants
or 16o C for the temperature sensitive mutants. Gravids were removed from these
plates after the egg lay period. The eggs were allowed to develop to L4 stage at the
same temperature as the egg lay. The L4 stage worms were transferred to the respective lifespan assay plates (NGM FUdR) supplemented with RJ/eRJ[59, 60, 99]. The
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lifespan assay plates were seeded with 50µL of overnight 80% concentrated pathogens
or 100µL of 80% concentrated E. coli OP50 (control)[39]. Lifespan assays were carried
out at 25o C. For each assay N2 worms were used as control. For each experiment, a
control NGM plate was set up. The control plate was devoid of royal jelly and seeded
withthe pathogens. To ensure the efficiency of the mutant strains, the mutant strains
were also tested on control NGM plates fed on E. coli OP50. Dead worms were scored
every 24 hours. Each assay consisted of three biological replicates and each biological
replicate consist of three technical replicates. Survival analysis was performed using
the on IBM SPSS v. 21. Data are represented as Kaplan-Meier curves, The p- value
was calculated using a log rank test, where p <0.05 was considered significant.

2.9

RNAinterference
RNAi was carried out as per the protocol previously described[150]. The

plasmid for DAF-16 RNAi was available on the pL440 plasmid and was obtained
from the C. elegans ORFeome RNAi library v1.1. RNAi clones were grown on LB
agar + 100µg/ml Ampicillin at 37o C. Bacterial clones were grown overnight on LB +
100 µg/ml Ampicillin at 37o C at 120 rpm. The clones were then induced by adding
isopropyl -D-1-thiogalactopyranoside (IPTG) to achieve a concentration of 1mM for
9 hours. The bacteria were then concentrated to 20% by centrifugation at 4000 rpm
for 10 mins and adding 100 µL of each control and DAF-16 RNAi on the RNAi
FUdR plates. RNAi FUdR plates have a similar composition to NGM with 25 µg/ml
carbenicillin and 1mM IPTG. The worms would grow on these plates from L4 age to
Day 4 age to silence the daf-16 gene[139].
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2.10

Total protein solubility
BAR-1 (ga80) worms were synchronized by allowing twenty gravid Day 1

hermaphrodites to lay eggs on control, RJ and eRJ NGM plates at 25o C for four
hours after which the gravids were removed. The eggs were allowed to develop at
25o C. Synchronized L4 stage worms from each treatment were transferred to the respective FUdR plates and allowed to grow till Day 4 age at 25o C[99]. Day 4 worms
were collected by repeated washing with sterile M9. Upto 50mg of worms were collected for each replicate for each treatment. The worms were then solubilized in a
5X SDS buffer by heating for 5 mins. The solubilized worms were then centrifuged
at 14000 rpm for 5 mins to setlle the insoluble fraction. The soluble fraction standardized to 5 mg of worm samples and loaded on the gel for SDS PAGE. The soluble
proteins were run on 8% SDS gel and stained with coomasie blue. The gel was
scanned and analyzed for relative density using imageJ software(National Institute
of Health)[127, 51]. The experiment was done in triplicates. The ratio of soluble
proteins was compared to control using unpaired t-test where p <0.05 was considered
significant.
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Chapter 3
ROYAL JELLY
SUPPLEMENTATION
PROLONGS LIFESPAN OF C.
elegans FED ON DIFFERENT
PATHOGENS
3.1
3.1.1

Introduction
Immunosenescence in C. elegans
Immunosenescence is the decline in immunity with age. Immunosenescence

leads to increased susceptibility towards pathogens[118, 141]. It has been observed
that older C. elegans are more sensitive to pathogens like Pseudomonas aeruginosa
and Yersinia pestis [84, 164]. Older nematodes show increased bacterial accumula-
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tion, reduced gut integrity and increased intestinal deterioration[164]. As many of
these pathogens colonize the gut of C. elegans, the declining health of gut contributes
to increased pathogenicity.

The role of many stress response pathways in immmunosenescence has been
studied.

The role of insulin like signaling pathway in immunosenescence is nu-

anced. Transcription factors acting downstream of insulin like signaling pathway
like heat shock factor -1 hsf-1 and skinhead-1 skn-1 have been studied for their role
in immunosenescence[138, 114].

Heat shock factor-1 hsf-1 function has been shown to decline with age and its
role in immunity have been shown thereby hypothesizing its role in immunosensescence[138].
Role of insulin like signaling response has been suggested through studies using the
PI3K homolog (age-1 ) and by studying the role of daf-16 in ROS response[84, 114].
Genes acting downstream of daf-16 do not show a universal decrease with age, which
indicates that they could differentially regulate components of immunosenescence[164].

The p38 MAPK which is known to be responsible for immunity in C. elegans has been shown to be involved in immunosenescence. It has been shown that
p38 MAPK expression declines with age. The p38 expression helps in improving gut
colonization, which can be observed through microscopy by scoring worms with distended gut.the pmk-1 deletion mutant worms had more distended gut with age as
compared to controls. Gut colonization by pathogens was also shown to be increased
with age, which can be observed by increased gfp tagged pathogen in the gut of aged
C. elegansschallenged by the gfp tagged pathogen as compared to their younger counterparts, when observed under a microscope[164]. The p38 MAPK also regulates the
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expression of skn-1 which has been shown to regulate immunity and its expression
also declines with age[114].

3.1.2

Enterococcus faecalis causes infection in C. elegans
C. elegans has been previously shown to be a good model organism to study

E. faecalis infection [39]. It has been shown that E. faecalis colonizes the gut of C.
elegans [39]. The E. faecalis virulence factorctl and quorum sensing pathway fsr are
important to cause infection in C. elegans [39]. Cytolysin is similar to haemolysin
and is regulated by a two component quorum sensing mechanism[52]. It is important
in initiating colonization. Cytolysins lyse procaryotic and eucaryotic cells. Hence,
they have an advantage over other bacteria colonizing the gut [64].

Gelatinase (gleE ) and a serine protease (sprE ) are regulated by the quorum
sensing operon fsr which has been shown to be essential virulence factor in C. elegans[122]. The fsr regulatory system is similar to the agr regulatory system in S.
aureus [122]. The fsr regulatory system is a two component system which undergoes
autoregulation. It allows the expression of virulence factors in the post exponential
phase of growth, which is similar in action of the agr system [123]. The gelatinase
(gleE) and the protease (sprE) are part of a greater set of virulence factors controlled
by fsr that all coordinate to the killing of C. elegans [137].

3.1.3

Staphylococcus aureus aureus causes infection in C.
elegans
C. elegans is susceptible to infection from S. aureus[39]. S. aureus colonizes the

gut of C. elegans and causes its deterioration[137]. The bacterial enzyme - hemolysin,
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v8 protease and the capsule play a role in S. aureus mediated killing of C. elegans. The
expression of these virulence factors are regulated by the same master regulator that
regulates virulence factors in humans, Staphylococcus accessory regulator (SarA) and
the global virulence regulatory system, accessory gene regulator (agr)[137]. S. aureus
produces exopolysaccharides that help evade the immune defenses in C. elegans[7].
These exopolysaccharides require the Tricarboxylic acid cycle (TCA) to code for
them[129]. These TCA genes are regulated by agr and are required for the virulence
of S. aureus in C. elegans[5, 8]. While both - hemolysin (hla) and V8 protease
(spA)are positively regulated by SarA. The agr positively regulates hla and negatively
regulates spA[17].

3.1.4

Vibrio cholerae causes infection in C. elegans
V. cholerae is water borne pathogen that is a causative agent for diarrhea. V.

cholerae has been shown to infect C. elegans[153].In C. elegans the pharynx and gut
are colonized by V. cholerae[153]. Virulence factors of V. cholerae are regulated by
quorum sensing [167]. The protease PrtV a has been found to be one of the essential
virulence factors in C. elegans pathogenesis[153]. However the mode of pathogenesis
through PrtV is yet to be explored. Pore forming toxins like cytolysins and hameolysins are also contribute to pathogenicity of V. cholerae in C. elegans[19]. They lead
to formation of vacuoles in the intestines of C.elegans[19]. These haemolysins are regulated by hlyA genes. C. elegans reacts to pore forming toxins including haemolysins
by the activation of hypoxia pathway[9].The activation of this pathway leads to transcription of stress response genes that can protect the worms form different stresses
and also contribute to longevity[9]. Haemolysins have also shown to elicit the activity of p38 MAPK and general stress response transcription factor daf-16, which are
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known to act downstream of the hypoxia stress response pathway[130, 9].

3.1.5

Salmonella typhimurium causes infection in C. elegans
S. Typhimurium is a water borne pathogen that causes gastroentiritis in hu-

mans. Similar to humans, the bacteria has been shown to infect C. elegans by colonizing the gut[1, 81]. S. Typhimuriumhas been shown to cause damage to intestinal
cells[81]. S. Typhimurium can colonize the gut even at low inoculums and in a short
span of time. It is also known to affect body bends, pharyngeal pumping and egg lay
in C. elegans[1]. The main regulator of pathogenecity of S. Typhimurium is the two
component system of PhoP/PhoQ which are shown to be involved in the infection of
C. elegans[1]. In higher organisms, the Salmonella Pathogenicity Island 1 (SP1) plays
a role in infecting the intestine is regulated by the PhoP/Q system [147]. Although
not directly tested, as S. Typhimurium is known to colonize the intestine it can be
hypothesized that SP1 could be involved in the pathogenesis of C. elegans. The general stress response pathway of C. elegans through insulin like signaling is known
to be involved in protection from Salomonella infection [39].It has been found that
the downstream effectors od this immunity is through the activation of autophagy
pathways[67]. The autophagy pathways could play a role in immunity entrapping S.
Typhimurum in a lysosome, reducing bacterial replication and through assisting in
the production of anti microbial peptides [67].
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3.2

Strategy
To study the role of royal jelly in immunosenescence, aged population of worms

were subjected to pathogen infection. C. elegans N2 has a mean lifespan of 11- 13
days when fed on E. coli OP50 at a temperature of 25o C. Hence, the Day 6 age
worms and Day 10 were chosen as middle age and old age candidates for this assay.
C. elegans N2 were grown to ages Day 6 and Day 10 from age synchronized population on regular NGM - FUdR seeded with E. coli OP50. When the worms were
reach the specific age, they are transferred to RJ/eRJ supplemented NGM FUdR
plates seeded with 50 µLt of 80% concentrated overnight cultures of S. aureus, E.
faecalis, S. Typhimurium and V. cholerae. Appropriate E. coli OP50 controls and
non RJ/eRJ NGM controls were also run. Lifespan assays are then carried out at
25o C by scoring for dead worms every 24 hrs. Results are analyzed through log rank
test and represented as Kaplan - Meier curves calculated from the respective age of
infection.

These pathogens infect C. elegans by colonizing the gut. Hence, it is hypothesized that RJ/eRJ could promote immunity by strengthening the gut. To test this
hypothesis, age synchronized C. elegans were grown on RJ/eRJ supplemented with
E. coli OP50 till they reach age Day 6. Appropriate non RJ/eRJ controls were also
run. The worms are then homogenized and gut bacteria are enumerated through
plate counts.

Royal jelly is known to have anti microbial properties. Hence, a growth curve
was performed on all bacteria in presence of RJ/eRJ to study if there were change
in growth rate due to the supplementation. Growth curves were performed for each
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bacteria in their respective media with RJ/eRJ incubated at 37o C on shaker condition
at 120 rpm. OD readings at 600nm were taken every hour.

Since, the study focuses on the immunosenescence against S. aureus, the effect
of RJ/eRJ on the virulence factors of S. aureus was studied. Virulence factors in S.
aureus are regulated by a master regulator sarA. Hence, regulation of sarA expression
by qRT PCR was studied in order to evaluate the effect of RJ/eRJ on virulence of
S. aureus. S. aureus was grown overnight in BHI in presence of RJ/eRJ.RNA was
extracted from 1 ml of these cultures as mentioned in the methods yo produce cDNA.
16SrRNA was used to normalize expression. Data was represented using δδCt method.
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3.3
3.3.1

Results
Royal jelly prolongs lifespan of middle aged and older
aged C. elegans N2 when they are fed on different
pathogens
Our lab has previously shown that RJ/eRJ can prolong the lifespan of C. ele-

gans and protect it from oxidative, heat shock and UV stress[158]. To test the role of
RJ/eRJ on immunosenescence, worms were exposed to the pathogen and to RJ/eRJ
at middle age and old age and lifespan assays were carried out[39]. Data were analyzed through log rank tests and represented as kaplan - meier curves from the day
of exposure to pathogens. Worms fed on pathogens were killed significantly earlier
across ages when fed on pathogens than that of the control food E. coli OP50. Worms
across both ages showed significant increase in lifespan in presence of RJ/eRJ as compared to their controls when fed on pathogens or E. coli OP50. This indicates that
RJ/eRJ promotes lifespan of worms when provided as a supplement in later ages.
It also shows that RJ/eRJ supplementation can promote survival of worms upon
pathogen infection across different ages. The involvement of a general stress response
in promoting lifespans could be predicted as it is observed in both non pathogenic
and pathogenic conditions.

The role of RJ/eRJ pretreatment on immunosenescence of C. elegans N2 was
also tested. C. elegans were age synchronized on RJ/eRJ supplemented media till they
reach middle age or old age and then were transfered to regular NGM seeded with S.
aureus. Appropriate controls were also run. It was observed that pretreatment of C.
elegans with RJ/eRJ also prolonged their lifespan under non pathogenic conditions.
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When middle aged and older aged worms grown on media supplemented with RJ/eRJ
were subjected to infection by S. aureus, they showed significantly better survival than
the control. The prolongevity due to early intervention indicates that improvement of
general fitness in presence of RJ/eRJ could contribute to retarding immunosenescence.
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(a)

(b)

(c)

(d)

Figure 3.1: RJ/ eRJ prolongs survival of C.elegans N2 when it is introduced at middle
age when fed on E. faecalis ( a), S. aureus( b), S. typhimurium ( c) or V. cholerae
( d). The worms were transferred on to media supplemented with RJ/eRJ and seeded
with the respective pathogen at age Day 6
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Table 3.1: RJ/ eRJ prolongs survival of C.elegans N2 when it is introduced at middle age when fed on E. faecalis , S. aureus, S. typhimurium or V. cholerae. The
worms were transferred on to media supplemented with RJ/eRJ and seeded with the
respective pathogen at age Day 6. Lifespans are counted from Day 6
Treatment Bacterial food
Control
E. faecalis
RJ
E. faecalis
eRJ
E. faecalis
Control
S. Typhimurium
RJ
S. Typhimurium
eRJ
S. Typhimurium
Control
V. cholerae
RJ
V. cholerae
eRJ
V. cholerae
Control
OP50
RJ
OP50
eRJ
OP50
Control
S. aureus
RJ
S. aureus
eRJ
S. aureus
Control
OP50
RJ
OP50
eRJ
OP50

Mean±SE Median No of worms
5.51±0.11
6
182
8.15±0.17
8
180
7.97±0.14
8
182
5.04±0.14
5
184
7.56±0.15
7
178
6.83±0.12
7
180
4.18±0.11
4
182
6.31±0.13
7
177
5.83±0.13
6
180
6.71±0.14
7
176
9.04±0.14
9
182
8.29±0.14
8
183
5.81±0.12
6
177
7.59±0.13
8
168
7.09±0.11
7
158
7.55±0.11
7
179
8.7±0.13
9
166
8.68±0.12
9
174
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p-value
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

(a)

(b)

(c)

(d)

Figure 3.2: RJ/ eRJ prolongs survival of C.elegans N2 when it is introduced at age
Day 10 when fed on E. faecalis ( a), S. aureus( b), S. typhimurium ( c) or V. cholerae
( d). The worms were transferred to media supplemented with RJ/ eRJ and seeded
with the respective pathogen at age Day 10
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Table 3.2: RJ/ eRJ prolongs survival of C.elegans N2 when it is introduced at middle age when fed on E. faecalis , S. aureus, S. typhimurium or V. cholerae. The
worms were transferred on to media supplemented with RJ/eRJ and seeded with the
respective pathogen at age Day 10. Lifespans are counted from Day 10
Treatment Bacterial food
Control
E. faecalis
RJ
E. faecalis
eRJ
E. faecalis
Control
S. Typhimurium
RJ
S. Typhimurium
eRJ
S. Typhimurium
Control
V. cholerae
RJ
V. cholerae
eRJ
V. cholerae
Control
OP50
RJ
OP50
eRJ
OP50
Control
S. aureus
RJ
S. aureus
eRJ
S. aureus
Control
OP50
RJ
OP50
eRJ
OP50

Mean±SE Median No of worms
2.65±0.1
2
179
4.25±0.13
4
179
4.29±0.14
4
181
2.32±0.09
2
180
3.95±0.14
4
179
3.69±0.13
4
175
2.43±0.08
2
180
3.44±0.13
3
167
3.61±0.13
3
179
3.03±0.11
3
181
4.57±0.16
4
178
4.15±0.15
4
178
2.28±0.09
2
179
3.34±0.12
3
160
3.62±0.11
4
155
3.41±0.11
3
176
4.54±0.13
5
187
4.27±0.12
4
175
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p-value
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

(a)

(b)

Figure 3.3: RJ/eRJ supplementation since egg stage prolongs lifespan of middle aged
( a) and old aged ( b) C. elegans N2 when infected with S. aureus

49

Table 3.3: RJ/ eRJ supplementation from egg stage prolongs survival of C.elegans
N2 when it is fed on S. aureus. The worms were synced on media with RJ/eRJ and
transferred on to regular NGM FUdR seeded with S. aureus from middle age and old
age
Age
Day 6
Day 6
Day 6
Day6
Day 6
Day 6
Day 10
Day 10
Day 10
Day 10
Day 10
Day 10

Treatment
Control
RJ
eRJ
Control
RJ
eRJ
Control
RJ
eRJ
Control
RJ
eRJ

Bacterial food Mean±SE Median
S. aureus
4.56±0.12
5
S. aureus
7.05±0.17
7
S. aureus
6.1±0.12
6
OP50
7.63±0.12
8
OP50
9.34±0.16
10
OP50
8.61±0.13
9
S. aureus
2.88±0.1
3
S. aureus
4.92±0.16
5
S. aureus
3.98±0.12
4
OP50
4.3±0.13
4
OP50
6.53±0.18
7
OP50
6.06±0.16
6
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No of worms
181
179
186
175
168
165
181
176
180
176
148
141

p-value
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

3.3.2

Royal jelly aids in boosting gut integrity of C. elegans
N2
All the pathogens tested above infect C. elegans by colonizing its gut[1, 39,

153, 136]. Also with increase in age there is a reduction in gut integrity which would
lead to increased susceptibility to pathogenic infections[164]. If C. elegans has a
stronger gut, it would be difficult for bacteria to colonize it[38, 119]. Hence, in order
to test this hypothesis, the amount of bacteria in the gut of middle aged worms
grown on media supplemented with RJ/eRJ was studied. Low bacterial count is
an indication of a stronger gut. Here, middle aged worms show significantly fewer
bacteria in their gut as compared to the control (fig 3.4).Having a stronger gut under
non infectious conditions indicate an overall boost in the health of C. elegans that
contributes to delayed immunosenescence. Having a stronger gut indicates that royal
jelly improves the physical barriers as a means to improve immunity in C. elegans.
No significant change in gut colonization was observed in C. elegans when fed on
different pathogens(Fig 3.5). However, middle aged worms exposed to pathogen and
royal jelly do exhibit longer lifespans than when grown in the absence of royal jelly.
This indicates that royal jelly might boost physiological response along with improving
physical barriers. Since gut colonization is not decreased for all pathogens, it would
indicate that royal jelly may not change behavioral response of C. elegans to the
pathogen.
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Figure 3.4: Gut colonization of Day 6 C. elegans N2 under non pathogenic conditions.
(?) P <0.05 considered to be statistically significant
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Figure 3.5: Gut colonization of Day 6 C. elegans N2 when fed on different pathogens
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3.3.3

Royal jelly does not influence the growth of the pathogens
at the concentrations tested
Longevity of RJ/eRJ supplemented C. elegans could be influenced by the

effect of these nutraceuticals on the pathogens. Royal jelly is known to have anti
microbial properties[29]. RJ/eRJ could inhibit or attenuate the growth of pathogens.
Growing C. elegans on attenuated or dead pathogens could contribute to increased
longevity. In order to test this phenomenon, growth curves were studied for these
bacteria on their respective media in presence of RJ/eRJ. No significanct change in
growth rate when compared to the controls were observed. This result indicates that
the concentration of RJ/eRJ that is added to the media does not interfere with the
growth of these bacteria on the plate.
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(a)

(b)

(c)

(d)

Figure 3.6: Growth curves of S. aureus and E. faecalis grown in BHI with RJ/eRJba,
S. Typhimurium grown in LB,V. cholerae grown in LB + 100µgm/ml streptomycin,
All media were supplemented with RJ/eRJ and incubated at 37o C at 120 rpm shaking.
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3.3.4

Royal jelly does not modulate the expression of virulence factors of S. aureus
Royal jelly does not modulate the growth of S. aureus at the concentrations

used (fig3.6b).Since, the effect of royal jelly infection of C. elegans by S. aureus is
studied in detail, we tested if the virulence factors of S. aureus are downregulated by
royal jelly supplementation. SarA is the master regulator for virulence mechanisms
in C. elegans and humans[137]. SarA activation triggers the expression of further
downstream effectors including the two component system agr which in turn triggers
the expression of haemolysins. Hence, the expression SarA was tested through qRT
PCR in S. aureus grown overnight in BHI in presence of RJ/eRJ. No significant
change in gene expression was observed. In fact S. aureus grown on RJ showed
slight over expression but the change was not significant. Hence, it is observed that
RJ/eRJ does not downregulate virulence factors of S. aureus to promote longevity in
C. elegans.
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Figure 3.7: Gene expression of S. aureus master regulator, sarA in presence of RJ/eRJ
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3.4

Discussion
Immunosenescence is a key feature of aging[118, 141].Previous studies have

shown C. elegans as an ideal model to study infections of E. feacalis, S. aurues,
S. typhimurium and V. cholerae[39, 137, 1, 81, 153]. All of these pathogens cause
infection by colonizing the gut of C. elegans. The integrity of the C. elegans gut
declines with increase in age, leading to increased colonization of the gut by different
bacteria[164, 119]. It has also been shown that older worms are more susceptible
to pathogenic infection[84]. However the studies on immunosenescence in C. elegans
has been performed on gram negative pathogens. This is the first study to study
the effect of C. elegans pathogen infection on gram positive bacteria that can cause
nosocomial infection. This study finds that C. elegans is an ideal organism to study
these nososcomial pathogens, thereby enhancing the knowledge of a known feature in
C. elegans immunosenescence study. While other studies have pointed out a vicious
cycle relationship between the C. elegans gut integrity and pathogen infection, my
study finds that nutraceutical intervention that can promote gut inegrity can also
promote immunity in C. elegans, thereby breaking this vicious cycle.[164]

Previously, our lab has shown that royal jelly can promote lifespan extension,
general stress and promote proteostasis in C. elegans[158, 157]. It is also known to
have modulate adaptive immunity[75, 93, 156, 112]. Our lab has also shown that
certain nutraceuticals can promote immunity against V. cholerae[24]. I have shown
here, that royal jelly can promote survival against several gram positive and gram
negative bacteria. Royal jelly is effective in promoting immunity when its given since
young age or even when the supplementation begins at a later age. As it is an effective
candidate to promote immunity across ages, it is an ideal to study the mechanisms
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of promoting immunity in C. elegans.

Royal jelly is known to have anti bacterial properties[29]. A component of
royal jelly called jellines is an antibacterial peptide against both gram positive and
gram negative bacteria[34]. The concentration of royal jelly used in this study did
not affect the growth of the pathogens tested. I also found that virulence of S. aureus
was not modulated by royal jelly at concentrations tested. With host gut microbiota
studies on the rise, this study highlights certain specific conditions when the effect
of an intervention on the host and the gut microbiota can be uncoupled. As the
promotion of immunity exists across different pathogens in the gut, it shows that
nutraceutical can be utilized by the worm independent of its gut microbiota.

In the following chapters, I will address the role of different immune pathways
in promoting royal jelly mediated immunity.
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Chapter 4
INSULIN/IGF-1 LIKE
SIGNALING PATHWAY ACTS
THROUGH daf-16 AND NOT
hsf-1 IN INNATE IMMUNE
RESPONSE IN C. elegans
AGAINST S. aureus INFECTION
4.1
4.1.1

Introduction
Role of insulin signaling in pathogen stress response
The Insulin signaling pathway has been shown to be involved in mediating

different stress responses in C. elegans including those from pathogenic infection[79].
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The deletion mutation of daf-2 which increase lifespan of C. elegans has also been
shown to cause an increased resistance to gram positive bacteria like S. aureus and to
gram negative bacteria like P. aeruginosa. It has also been shown that this increase in
pathogen survival is also mediated through daf-16, the C. elegans FOXO homolog[40].
It has also been proposed that the insulin signaling pathway regulates ageing and
immunity pathways independently. Distinct phosphorylation of DAF-16 by serine
threonine kinases cause induction of different downstream responses. Specifically,
the phosphorylation by the serine threonine kinases AKT-1 and AKT-2 promote
immunity[40, 32]. Different nutraceuticals have also shown to prolong lifespan and
stress response in C. elegans through insulin signaling pathway[49, 87].Specifically
royal jelly has been shown to regulate lifespan extension and general stress response
in C. elegans through insulin signaling pathway[158, 57]. Hence, I was interested in
studying the role of insulin like signaling pathway in oyal jelly mediated retardation
of immunosenescence

4.1.2

Downstream factors in innate immune response

4.1.2.1

Forkhead boxO - FOXO

FOXO proteins are transcription factors that have a conserved forkhead box
DNA binding domain. These transcription factors are conserved from worms to humans. FOXO regulates longevity, stress resistance, apoptosis, cell cycle progression
among others. They are found in the cytoplasm and translocate to the nucleus when
they are activated. They bind to different genes in the nucleus and transcribe them.
The specificity of the genes that they bind to depend on what pathways activates
the FOXO and the co-factors involved in the transcription[47]. In C. elegans, the
homolog of FOXO is the daf-16. It acts downstream of the insulin signaling pathway
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regulated by certain serine threonine kinases. The activity of DAF-16 is modulated
by the different modifications on it and by its association with different proteins.
Here, we review some of the changes that play a role in modulating immunity and
stress resistance. Several stress response genes like the superoxide dismutase (sod-3 ),
metaothionine (mtl-1 ) and glutathione -S- transferase (gst-4 ) and catalase (ctl-1 and
ctl-2 ) are known to be activated by DAF-16 activity. Innate immune response genes
like lys-7 and lys-8 are also activated in by DAF-16. These genes also contribute
to the DAF-16 mediated longevity in C. elegans[105]. Genes that code for antibacterial proteins, saposins like spp-1 and heat shock proteins of the hsp-16 family are
also regulated downstream of daf-16. A CUB like protein coded by dod-22 is also
regulated by DAF-16[105, 3].

4.1.2.2

Heat shock factor

Heat shock factor is a transcription factor that codes for many proteins that
acts as chaperones, proteases, small heat shock proteins and other stress response
proteins. These proteins were first found to be active against heat shock stress but
they have been found top play a role in other stress responses and lifespan extension
as well[61, 38, 102].
The C. elegans homolog of the heat shock factor hsf-1 was found to be involved in the
daf-2 mediated lifespan extension[18, 102]. HSF-1 is regulated by the IIS pathway
through regulatory proteins (DAF-16 dependent Longevity) DDL-1, DDL-2 and HSB(Heat shock Binding protein) which form a complex with HSF-1 and keep it held in
the nucleus. In presence of stress, DDL-1 gets phosphorylated leading to the dissociation of the complex. The HSF-1 now oligomerizes and undergoes phosphorylation.
The complex now enters the nucleus to bind to specific DNA binding elements to
regulate the transcription of its downstream proteins[18].For lifespan extension, hsf-1
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helps in transcription of genes independent of daf-16 expression, although for coding
certain heat shock proteins both DAF-16 and HSF-1 are required[61].

HSF-1 is also necessary to promote immunity and its decline with age could
play a role in immunosenescnence[139, 138]. HSF-1 and its downstream heat shock
proteins are also required for protection against gram positive and gram negative
bacteria. This HSF-1 mediated immune protection is dependent of insulin signaling
pathway[139]. HSF-1 mediated proteostasis is important for aging related diseases.
HSF-1 is involved in decreased poly glutamine aggregation which play a role in Huntingtins disease. The activity of HSF-1 decreases with age[138]. HSF-1 has a role in
nutraceutical based immune modulation and reducing Aβ aggregation[24, 51].

4.2

Strategy
The insulin signaling pathway is known to be required for survival against

different pathogens in C. elegans through DAF-16[40]. Since, daf-2 and age-1 are
the Insulin receptor and PI3K in C. elegans, I investigated their involvement through
epistasis. The daf-2 deletion mutant daf-2 (e1370) and the age-1 mutant deletion
mutant age-1 (hx546) were used. The mutants were synced at 16o C on control, RJ
and eRJ NGM plates seeded with OP50. Lifespan assays were carried out at 25o C on
their respective FUdR plates as described in the methods. Lifespan assays were ran
with appropriate N2 and OP50 controls.
DAF-16 is the most common downstream target of the Insulin signaling pathway. Royal jelly is also known to boost longevity, UV, oxidative and heat shock
stresses in a DAF-16 dependent manner[57, 158]. Hence, I wanted to know if this
pathway plays a role in the increased survival of C. elegans on different pathogens
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on royal jelly supplementation. Firstly, I tested the role of DAF-16 through killing
epistasis assay . Lifespan assays were carried out on the DAF-16 deletion mutant
daf-16 (mgDf50). Initially, the role of DAF-16 in improving immunity against S.
aureus was studied. Later the role of DAF-16 towards other gram positive and gram
negative pathogens was studied to understand if the protection has a broad spectrum.
The mutant worms were synchronized at 25o C on control, RJ and eRJ NGM plates
seeded with OP50. After 42 hrs the L4 stage worms were transferred to their respective FUdR plates that are seeded with 50 µL of four fold concentrated the pathogens
S. aureus, E. faecalis, S.typhimurium orV. cholerae. Appropriate controls with wild
type worms N2 and standard lab food E. coli OP50 were run.

To further test the role of different DAF-16, standard downstream targets
of DA-16 were tested by qRT PCR to check th expression of potential downstream
effectors. Metalotthione (mtl-1 ), superoxide dismutase (sod-3 ), CUB like protein
(dod-22 ), sapsonin (spp-1 ) were the genes tested [24, 106, 3, 76].

DAF-16 is regulated by other co-factors that influences transcription of different downstream effectors. One of the effectors that was tested was sir2.1 which
are the sirtuin homologs in C. elegans. The sir2.1 deletion mutant sir2.1 (ok434).
The deletion mutant was synchronized on RJ/eRJ plates at 25o C on OP50. L4 stage
worms were then transferred on to their respective RJ/eRJ FUdR and lifespan assay
was carried out at 25o C.

HSF-1 is another prominent transcription factor acting downstream of the
insulin like signaling pathway[61]. The involvement of hsf-1 was tested using the
deletion mutant hsf-1 (sy441). The hsf-1 mutants were synchronized at 16o C on
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control, RJ and eRJ treated NGM plates till they reach L4 stage. Lifespans were
then carried out at 25 o C when fed on S. aureus with appropriate controls as detailed
in the Methods section.

4.3
4.3.1

Results
Royal jelly mediated immune response to S. aureus requires the involvement of insulin like signaling pathway

(a)

(b)

Figure 4.1: RJ/eRJ supplementation mediated increased survival of C. elegans on S.
aureus requires the function of age-1 (a) and daf-2 (b)
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Table 4.1: RJ/eRJ supplementation mediated increased survival of C. elegans on S.
aureus requires the function of age-1 (a) and daf-2 (b)
Worm strain
age-1(hx546)
age-1(hx546)
age-1(hx546)
age-1(hx546)
N2
N2
daf-2 (e1370)
daf-2 (e1370)
daf-2 (e1370)
daf-2 (e1370)
N2
N2

Treatment
Control
RJ
eRJ
Control
Control
Control
Control
RJ
eRJ
Control
Control
Control

Bacterial food Mean±SE Median No of worms
S. aureus
16.48± 0.19
17
190
S. aureus
16.68±0.21
17
172
S. aureus
16.71± 0.21
17
174
OP50
19.48±0.17
20
170
S. aureus
10.5±0.12
11
167
OP50
12.56±0.11
12
159
S. aureus
15.26±0.35
17
171
S. aureus
15.94±0.28
17
175
S. aureus
16.24±0.25
17
176
OP50
20.81±0.26
21
169
S. aureus
9.56±0.175
10
148
OP50
12.23±0.12
12
158
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p-value
0.9
0.91
0.001
0.001
0.001
0.72
0.91
0.001
0.001
0.001

To test the involvement of insulin signaling pathway in immune response, it is
necessary to test the role of its components, insulin signaling receptor daf-2 and the
PI3K age-1. Deletion mutants for the two genes, daf-2 (e1370) and age-1 (hx456) were
used to thest the tole of these components through epistasis killing assays.The mean
lifespans of daf-2 and age-1 mutants fed on S. aureus grown on control media are
15.26 days and 13.52 days respectively which are significantly shorter than those fed
on the control food OP50. Which reiterates the involvement of insulin like signaling
pathway in modulating lifespan against S. aureus[40]. It was then observed that there
was no significant difference in lifespan between RJ/eRJ treated mutants fed on S.
aureus when compared to mutants fed on S. aureus and grown on media without
RJ/eRJ (fig 4.1, tab 4.1). Hence, daf-2 and age-1 are both required for survival
of C. elegans fed with S. aureus on a media supplemented with RJ/eRJ. This result
indicates that insulin like signaling pathway is involved in royal jelly mediated immune
response.
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4.3.2

Royal jelly requires DAF-16 to carry out insulin like
signaling pathway mediated immune response.

(a)

(b)

(c)

(d)

Figure 4.2: RJ/eRJ promotes survival of C.elegans when fed on E. faecalis(a), S.
typhimurium(b), V. cholerae(d) and S. aureus(c) through daf-16.
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Table 4.2: RJ/eRJ promotes survival of C.elegans when fed on E. faecalis(a), S.
typhimurium(b), V. cholerae(d) and S. aureus(c) through daf-16.
Worm strain
daf-16(mgDf50)
daf-16(mgDf50)
daf-16(mgDf50)
N2daf-16(mgDf50)
daf-16(mgDf50)
daf-16(mgDf50)
daf-16(mgDf50)
N2
daf-16(mgDf50)
daf-16(mgDf50)
daf-16
N2
daf-16(mgDf50)
N2
daf-16(mgDf50)
daf-16(mgDf50)
daf-16(mgDf50)
N2
daf-16(mgDf50)
N2

Treatment
Control
RJ
eRJ
Control
Control
RJ
eRJ
Control
Control
RJ
eRJ
Control
Control
Control
Control
RJ
eRJ
Control
Control
Control

Bacterial food
E. faecalis
E. faecalis
E. faecalis
E. faecalis
S. typhimurium
S. typhimurium
S. typhimurium
S. typhimurium
V. cholerae
V. cholerae
V. cholerae
V. cholerae
OP50
OP50
S. aureus
S. aureus
S. aureus
S. aureus
OP50
OP50
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Mean±SE Median
6.5± 0.12
7
6.33±0.12
7
6.56±0.1
7
8.51±
9
7.35±0.1
7
7.38±0.08
7
7.23±0.09
7
8.7±0.13
9
5.38±0.084
5
5.43±0.08
5
5.17±0.07
5
7.05±0.12
7
7.81±0.08
8
13.017±0.14
13
6.14 ±0.12
6
6.1± 0.13
6
6.15±0.12
6
10.3±0.17
10
7.261±0.1
7
13.46±0.14
13

No of worms
181
179
175
182
176
178
178
182
177
183
184
177
180
179
178
184
179
115
161
112

p-value
0.566
0.542
0.001
0.64
0.15
0.001
0.72
0.03
0.001
0.001

0.758
0.961
0.001

Figure 4.3: qRT PCR of genes that act downstream of DAF-16. Analyzed using
2(−Ct) method. (?) P <0.05 considered to be statistically significant
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Killing assays were carried out using the daf-16 deletion mutant mgDf50 on
media supplemented with RJ/eRJ. The daf-16 deletion mutants exhibited a much
shorter lifespans than their OP50 control (tab. 4.2, fig. 4.2) when fed on different
pathogens. This observation is in agreement with previous study indicating the role of
DAF-16 in promoting the survival of C. elegans on different pathogens [40]. However,
no significant increase in lifespans were observed in RJ/eRJ supplemented mutants
over their controls(tab. 4.2). This indicates that DAF-16 is involved in promoting
survival against these pathogens.
To further confirm DAF-16 involvement in the immune response, we tested
the expression of certain known targets of DAF-16 through qRT PCR under non infectious conditions. It was previously shown that Mn -superoxide dismutase (sod-3),
which acts downstream of DAF-16 was upregulated in C. elegans that was supplemented in diet with RJ/eRJ [158]. The dod-22 is a CUB like domain protein which
is regulated by different components of the insulin signaling pathway. It has been
shown to be down regulated in daf-2 mutants [106].It has also been shown to be under the regulation of daf-16 . In the qpcr study a constant significant downregulation
of dod-22 was observed in the C. elegans supplemented with RJ/eRJ (fig. 4.3). This
indicates the involvement of the insulin signaling pathway through the activity of
daf-16. A significant downregulation of the saposonin spp-1 was also observed under
non pathogenic exposure of C. elegans N2 on RJ/eRJ (fig. 4.3). The spp-1 should be
upregulated in a daf-2 deletion background [106]. In this study the downregulation of
spp-1 which could indicate the interplay of other pathways on daf-16 that could cause
this change in gene expression. Change in expression of these genes under RJ/eRJ
supplementaion is further evidence of IIS involvement in this response. However, the
interplay of other pathways on DAF-16 should be examined further.
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4.3.3

HSF-1 is not involved in royal jelly mediated immune
response

Figure 4.4: RJ/eRJ mediated lifespan extension in C. elegans in presence of S. aureus
does not require hsf-1
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Table 4.3: RJ/eRJ mediated lifespan extension in C. elegans in presence of S. aureus
does not require hsf-1
Worm strain Treatment
hsf-1(sy441)
Control
hsf-1(sy441)
RJ
hsf-1(sy441)
eRJ
hsf-1(sy441)
Control
N2
Control
N2
Control

Bacterial food Mean±SE Median
S. aureus
6.65±0.1
7
S. aureus
7.5±0.12
8
S. aureus
7.67±0.1
8
OP50
7.54±0.09
8
S. aureus
11.18±0.12
11
OP50
13.13±0.12
13
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No of worms
176
132
173
173
177
173

p-value
0.001
0.001
0.001
0.001
0.00

Since DAF-16 was involved in the RJ/eRJ mediated immune response, heat
shock factor -1 (hsf-1 ) which also acts downstream of the insulin signaling pathway
was tested through epistasis killing assays on the pathogen S. aureus using the hsf-1
deletion mutant sy441. It was observed that the hsf-1 mutant grown on a diet of
S. aureus and no RJ/eRJ had a mean lifespan of 6.65 days while the mutant on a
similar media fed on a diet of the control bacteria E. coli OP50 has a mean lifespan
of 7.54 days(tab. 4.3). The shorter lifespan of hsf-1 indicates that depeltion of hsf-1
makes the worms more vulnerable to S. aureus infection. The hsf-1 mutants grown
on media supplemented with RJ/eRJ have longer lifespan than the control worms
fed on S. aureus(fig. 4.4,tab. 4.3). This result indicates that hsf-1 is dispensable in
RJ/eRJ mediated immunemodulation in C. elegans against S. aureus.

4.4

Discussion
This study highlights the role of insulin like signaling pathway in royal jelly

mediated immune response. I have shown here that the conventional insulin like
signaling pathway is required for royal jelly mediated immune response. As the involvement of insulin like signaling pathway in royal jelly mediated lifespan extension
and general stress response is known, this study credits royal jelly with the attribute
of mediating immune response[158, 57].Like lifespan extension and general stress response, royal jelly intervention requires DAF-16 to facilitate mediation of immune
response. As DAF-16 was involved, certain conventional downstream effectors of
DAF-16 were tested which revealed variable regulation of the pathway under non
pathogenic conditions.The gene dod-22 has been previously shown to be down regulated in the by insulin like signaling pathway ,while spp-1 has been shown to be
upregulated under similar conditions[106]. In my study, I found both genes that both
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genes are downregulated by royal jelly supplementation. These results reiterates that
insulin like signaling is required for royal jelly mediated immune response. DAF-16
interacts with different co-factors to elicit response to different stresses[105]. The
change in regulation could be due to the nature of co-factors involved.
Till now heat shock factor has been shown to be required to maintain immmunity in
one gram positive bacteria, E. faecalis[139]. The study bu Singh et al shows that heat
shock factor plays a role in C. elegans immune response to S. aureus[139]. Previously
our lab has shown that cranberry, another nutraceutical requires hsf-1 to mediate
immunity against V. cholerae[24].However, hsf-1 does not play a role in royal jelly
mediated immune response towards S. aureus. Hence, this study shows that nutraceuticals can uniquely modulate different signaling pathways in the same host to achieve
similar effects.
Other co factors could also be involved in the DAF-16 mediated response. The MAPK
pathways act on DAF-16 to mediate certain stress response [111, 152, 3].Further studies have to be done to identify other pathways that can modulate DAF-16 in presence
of royal jelly.
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Chapter 5
p38MAPK ACTS
INDEPENDENT OG DAF-16 IN
RJ/eRJ MEDIATED IMMUNE
RESPONSE IN C. elegans
AGAINST S. aureus
5.1

Role of MAPK in immune response
Mitogen Activated Protein Kinases (MAPK) are threonine tyrosine protein

kinases that are components of different signaling pathways that have regulatory
properties in the cell. The MAPKs are positively regulated by phosphorylation at
threonine and tyrosine residues by MAPKKinases and negatively regulate by phosphatases, MAPK Phosphatases (MKP). These MAPKs act in cytoplasm or translocate to the nucleus and activate transcription factors that carryout the downstream
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cellular responses. The p38 MAPK and cJun kinases are considered to be stress response kinases as they are activated by environmental or pathogenic factors[62]

The p38 MAPK and cJun MAPK are called stress activated MAPKs as they
are activated in response to pathogens, change in osmomolarity, presence of toxins,
heavy metals and other environmental stresses[70, 63, 65, 62]. The stresses act on Toll
or toll like receptors which in turn activate the MAPK signal cascade begniing with
the MAPKK Kinase. In C. elegans, the toll receptor, TOL-1 is not directly known
to activate the immune response[121, 22]. However, recently it has been shown that
TOL-1 is required for the development of chemosensory neurons that cause pathogen
avoidance behaviour[11].

The toll and interuekin-1 receptor (TIR-1) is known to activate pathogen response through p38 MAPK[22, 88]. The toll like receptor responsible for cJun MAPK
activation in C. elegans has yet to be described. Here, we review the two stress activated MAPKs in detail.

5.1.1

Role of p38 MAPK in immune signaling in C. elegans
This pathway is crucial for stress response and immunity in plants and ani-

mals. In C. elegans, pmk controls expression of certain anti-microbial proteins, C-type
lectins amongst other physiological defenses [152]. pmk-1 expression is important for
both inducible and basal immune responses. The pathway responds to infection by
pathogens themselves by toxins produced by them [152]. The p38MAPK is known
to exhibit specific response to toxins like the pore forming toxins that are produced
by S. aureus, V. cholerae, B. thurignesis amongst others. The genes that are acti-
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vated in response tp toxins are different from those that are activated in response to
pathogens. The cation efflux gene ttm-1 is involved in this toxin specific response [63].

Sometimes oxidative stress also plays a role in basal immune response. The
p38 MAPK pathway is known to be involved in oxidative stress response. PMK-1 in
C. elegans is known to phosphorylate the skinhead factor (SKN-1) which leads to its
nuclear localization and over there helps in transcription of the phase II detoxification
enzyme -cysteine synthetase (gcs-1 ). This mechanism is known to pay an important
role in oxidative stress response [65]. 1.2

It has been shown that there is a progressive deterioration in the intestinal
tissues and expression of intestinal enzymes in aging C. elegans. This decline has been
shown to be associated with declining expression of pmk-1 and different genes that are
regulated by pmk-1. Also, an increased accumulation of intestinal pathogens has been
reported with age. All these results together indicate a decline in p38MAPK mediated
immunity which leads to disintegration of the intestine. This Immunosenescence is a
vicious cycle [164]. However, basal expression of some of the tir-1 regulated genes like
the antifungal gene nlp-31 have also been shown to be increased with aging which is
an indication of inflammaging [22].

5.1.2

Interplay of p38MAK and Insulin Signaling Pathway
p38MAPK is known to regulate immune response while the Insulin signaling

pathway is known to regulate longevity, immune response and general stress response.
DAF-2 mutants are known to be more resistant to pathogens than the wild type [40].
However, the MAPK homolog pmk-1 is necessary for the daf-2 mediated pathogen
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resistance. It has been further shown that pmk-1 and daf-16 mostly upregulate
different sets of genes. However, certain genes that are under the regulation of pmk-1
are negatively regulated by daf-16 [152]. These genes belong to the (domain unknown
function) duf 141. The duf-141 genes are known to promote longevity in a daf-16
dependent manner [54]. Some of the duf-141 genes like dod-22, F35E12.5 and K08D.5
are involved in immune response [3, 152, 38]. These genes have been shown to be
regulated by both pmk-1 and daf-16 [3, 152]. However, the nature of the interactions
of these two pathways on these genes has to be further studied.

5.1.3

Role of cJun kinase pathway in immune signaling in C.
elegans
The c-Jun N terminal Kinase (JNK) is an important MAPK in C. elegans

known for regulation of genes in presence of environmental stress. One of the known
JNK MAPK homolog in C. elegans is jnk-1. jnk-1 is known to be involved in regular lifespan and heat shock stress response in C. elegans. It is known to modulate
immunity by causing phosphorylation of the C. elegans FOXO homolog DAF-16.
Phosphorylation of DAF-16 by JNK-1 plays a role in its nuclear localization where
it activates several stress response enzymes [111]. JNK pathway has also been shown
to paly a role in C. elegans response to pore forming toxins[63].

There is another c Jun pathway, KGB pathway, in C. elegans that is known
to respond to stress from metals. The mlk-1 gene is the MAPKKK homolog, the
mek-1 is the MAPKK homolog and kgb-1 is the JNK- like MAPK homolog in this
pathway [100, 74]. It has been found that mek-1 also is required for regulation of
pmk-1 and this regulation is not independent of sek-1 [71].In the MAPK pathways,
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the MAPK, MAPKK and MAPKKK act by phosphorylating the downstream genes.
The MKP (MAPK Phosphatases) act as dephosphorylating agents on MAPK thereby
causing downregulation of the MAPK pathway. VHP-1 was known to act as the MKP
for KGB-1 and not JNK-1 [100]. It has been found that VHP-1 is also important
for regulation of pmk-1 [71]. Hence, the JNK pathway, which usually plays a role in
environmental stress response, is important for immunity and longevity in C. elegans.

5.2

Strategy
The p38 MAPK was studied though epistasis killing assays. p38 MAPK was

tested by performing the killing assay on C.elegans deletion mutants of MAPKKK
(nsy-1) (ag03), the MAPKK (sek-1)(ag1) and the MAPK (pmk-1)(km25).All deletion mutants were maintained at 25o C. Study of all these three genes ensures the
coverage of the p38 MAPK for this study. The mutant worms were synchronized at
25o C seeded with E. coli OP50. After 40 hours L4 stage worms were transfered to
their respective treatment plates seeded with 50µLt of concentrated S. aureus. Appropriate controls with the wild type of C. elegans N2 and its standard lab diet E.
coli OP50 were set up. Controls for the media without RJ/eRJ were also set up.
Lifespan assays were conducted at 25o C and scored every 24 hours.

To study the interplay of P38 MAPK and DAF-16, I studied the influence of
RJ/eRJ in the worms in the absence of pmk-1 and daf-16. C.elegans pmk-1 deletion
mutant (km25) was synchronized on RJ/eRJ NGM seeded with E. coli OP50 at 25o C.
L4 stage worms were then transfered on to their respective RNAi NGM FUdR plates
supplemented with RJ/eRJ and seeded with RNAi bacteria for daf-16. The worms
were fed on the RNAi bacteria till Day 4 age. This treatment would lead to silencing
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of the daf-16 in pmk-1 mutant worms. These day 4 aged worms were then transferred
to the NGM FUdR plates supplemented with RJ/eRJ seeded with S. aureus. The
lifespan assay was calculated on these worms at 25o C and scored every 24 hours. The
methodology can be explained as per this scheme 5.1. Appropriate controls for C.
elegans with the wildtype N2, L440 (RNAi control vector) and standard bacterial
diet E. coli OP50 were run.
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Figure 5.1: Schematic design of RNAi treatment and subsequent lifespan assay of N2
and pmk-1 mutants
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The expression of CUB like protein F35E12.5 was studied as it is regulated
by both p38 MAPK and DAF-16[152]. N2 worms were synchronized on multiple
plates of control, RJ and eRJ supplemented worms seeded with E. coli OP50. Synchronization was carried out at 25o C and worms were allowed to reach Day 1 age.
Worms were then washed with minimal media and collected. They were broken by
bead beating and RNA was extracted using RNAzol RT. cDNA was then synthesized
using the Bioline cDNA synthesis kit and gene expression was checked by qRT PCR
and analyzed using the δδCt method.

cJun MAPK is another important MAPK that is modulated by environmental stress in C. elegans.To test the role of this pathway, epistasis killing assay was
performed on the deletion mutant of the cJun MAPK jnk-1 (gk7).The jnk-1 deletion
mutant was synchronized on RJ/eRJ supplemented NGM seeded with E. coli OP50
at 25o C. After 40 hours the L4 stage worms were transferred to their respective FUdR
plates seeded with 50µLt of concentrated S. aureus. The lifespans were conducted at
25o C and scored every 24 hours.

5.3
5.3.1

Results
p38 MAPK is required for royal jelly mediated immune
response against S. aureus
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(a)

(b)

(c)

Figure 5.2: p38 MAPK is involved in the RJ/eRJ mediated immune response in C.
elegans against S. aureus
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Table 5.1: p38 MAPK is involved in the RJ/eRJ mediated immune response in C.
elegansagainst S. aureus
Worm strain
nsy-1(ag03)
nsy-1(ag03)
nsy-1(ag03)
nsy-1(ag03)
N2
N2
sek-1(ag1)
sek-1(ag1)
sek-1(ag1)
sek-1(ag1)
N2
N2
pmk-1(km25)
pmk-1(km25)
pmk-1(km25)
pmk-1(km25)
N2
N2

Treatment
Control
RJ
eRJ
Control
Control
Control
Control
RJ
eRJ
Control
Control
Control
Control
RJ
eRJ
Control
Control
Control

Bacterial food Mean±SE Median
S. aureus
3.68±0.14
3
S. aureus
3.93±0.14
3
S. aureus
3.81±0.14
3
OP50
7.87±0.25
9
S. aureus
9.75±0.15
10
OP50
12.28±0.11
12
S. aureus
4.06±0.15
4
S. aureus
4.28±0.16
4
S. aureus
4.12±0.15
4
OP50
8.11±0.18
9
S. aureus
9.98±0.15
10
OP50
12.11±0.11
12
S. aureus
5.09±0.2
4
S. aureus
5.09±0.19
5
S. aureus
5.35±0.18
5
OP50
9.78±0.16
10
S. aureus
9.63±0.15
10
OP50
12.54±0.11
13
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No of worms
182
185
179
174
173
183
164
164
178
167
177
175
175
177
182
179
170
179

p-value
0.12
0.35
0.001
0.001
0.001
0.22
0.6
0.001
0.001
0.001
0.85
0.55
0.001
0.001
0.001

To study the role of p38 MAPK inRJ/eRJ mediated immune response,epistasis
killing assays were performed with deletion mutants for components of the pathway.
RJ/eRJ supplementation was provided to the MAPK deletion mutant pmk-1 (km25)
from egg stage and introduced from the L4 age. It was found that this mutant had
a significantly shorter mean lifespan of 4.62 days when fed on S. aureus compared
to when fed on the standard diet E. coli OP50, which is 10.26 days. This significant
reduction in lifespan states that p38MAPK is required for immunity in C. elegans
against S. aureus(Tab5.1, Fig5.2c). RJ/eRJ supplementation did not significantly
extend the lifespan of the pmk-1 deletion mutant, suggesting that RJ/eRJ have a
role in boosting immunity through modulation of the p38 MAPK pathway.

Since MAPK was shown to be involved in the RJ/eRJ mediated immune protection, the upstream components of the p38 MAPK pathway were also tested. The
deletion mutant for the MAPKK homolog sek-1 (ag1) and the MAPKKK homolog
nsy-1 (ag3) were tested. Upon exposure to S.aureus, these mutants also showed mean
lifespans of 6.07 days for nsy-1 and 8.17 days for sek-1 deletion mutant. These lifespans are significantly shorter than the corresponding mean lifespans of 9.64 days and
10.17 days respectively. This result would indicate that even the upstream components of the p38 MAPK are involved in C. elegans immune response to S. aureus.
Also, supplementation of RJ/eRJ did not significantly extend the lifespan of either of
these mutants (fig 5.2a. fig5.2b, tab5.1). Hence, the involvement of p38 MAPK can
be confirmed in the RJ/eRJ mediated immune response against S. aureus.
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5.3.2

p38 MAPK and DAF-16 acts independently to cause
royal jelly mediated innate immune response

Figure 5.3: p38 MAPK and DAF-16 act independently to enable RJ/eRJ mediated
improvement in immunity in C. elegans agaisnt S. aureus
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Table 5.2: p38 MAPK and DAF-16 act independently to enable RJ/eRJ mediated
improvement in immunity in C. elegans agaisnt S. aureus
Worm strain
pmk-1(km25)
pmk-1(km25)
pmk-1(km25)
pmk-1(km25)
pmk-1(km25)
pmk-1(km25)
pmk-1(km25)
pmk-1(km25)
N2
N2
N2
N2
N2
N2
N2
N2

Treatment
Control
RJ
eRJ
Control
Control
RJ
eRJ
Control
Control
RJ
eRJ
Control
Control
RJ
eRJ
Control

RNAi
pdaf-16
pdaf-16
pdaf-16
pdaf-16
pL440
pL440
pL440
pL440
pdaf-16
pdaf-16
pdaf-16
pdaf-16
pL440
pL440
pL440
pL440

Bacterial food Mean±SE Median
S.aureus
1.97±0.11
2
S.aureus
2.15±0.12
2
S.aureus
2.15±0.12
2
OP50
2.38±0.14
2
S.aureus
4.13±0.14
4
S.aureus
4.37±0.16
5
S.aureus
4.1±0.15
4
OP50
4.9±0.19
5
S.aureus
3.25±0.11
3
S.aureus
3.45±0.12
3
S.aureus
3.56±0.13
4
OP50
4.5±0.16
4
S.aureus
5.87±0.2
6
S.aureus
7.21±0.2
7
S.aureus
7.65±0.22
8
OP50
10±0.2
10
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No of worms
60
59
60
60
64
60
59
60
60
60
61
62
48
59
62
60

p-value
0.22
0.24
0.18
0.14
0.96
0.001
0.182
0.04
0.001
0.001
0.001
0.001

Figure 5.4: Relative gene expression of p38 MAPK regulated gene. Analyzed using
2(−Ct) method.(?) P <0.05 considered to be statistically significant

89

I have previously shown that p38MAPK and insulin signaling pathway are essential for RJ/eRJ mediated innate immunity in C. elegans against S. aureus. Hence,
I was interested in looking at how the pathways interact to cause the innate immune
response. It has been previously shown in the absence of a pathogen that pmk-1 is
essential for up regulation of certain genes under the control of daf-2 [152]. Hence I
tested the interplay of these pathways in presence of the pathogen S. aureus when
the media is supplemented with RJ/eRJ.

It was observed that the pmk-1 mutants and N2 worms fed on daf-16 RNAi
till Day 4 age and subsequently transferred to a diet of S. aureus orE. coli OP50
showed median lifespans of 2.38 days and 4.5 days which are significantly less than
their counterparts that were exposed to an empty vector till Day 4, showing lifespans
of 4.9 days abd 10 days respectively(tab5.2) . This result shows that exposing the
worms till Day 4 age to Df-16 RNAi bacteria successfully knocks down daf-16 in these
worms till the end of their lifespan.

When daf-16 is silenced through RNAi in pmk-1 deletion mutants and then
fed on S. aureus,the worms showed a significantly shorter mean lifespan of 1.97 days as
compared to the pmk-1 deletion mutant which doesn’t have its daf-16 silenced, 4.13
days and also that of N2 with daf-16 silenced, 3.25 days(tab5.2). A similar response
is also observed when after Day 4 treatment with daf-16 RNAi, the pmk-1 deletion
mutants are transferred on to E. coli OP50. This would indicate that pmk-1 and
daf-16 act parallel to each other. In the event that the patwhays interact with each
other then the pmk-1 mutant fed on daf-16 RNAi bacteria will have a lifespan that is
not significantly different than the cases where one of the gene is silenced. DAF-16 is
a transcription factor, while pmk-1 is a MAPK, which activates transcription factors.
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Therefore PMK-1 and DAF-16 might act parallel to each other to mediate immune
response.

On comparison of the lifespans of RJ and eRJ supplemented pmk-1 mutants
which were initially fed on daf-16 RNAi and then subjected to killing assay on S.
aureus. It was observed that the lifespan of these worms is not significantly different
than that of the control worms subjected to a similar bacterial diet(tab5.2). This
would indicate that when both pmk-1 and daf-16 are down regulated in these worms
and RJ/eRJ supplementation fails to improve the immunity. This result also shows
that both genes are important for the RJ/eRJ mediated immune response.

Hence, this result would lead to the hypothesis RJ/eRJ mediated immune response acts through the genes that are downstream of the p38 MAPK and IIS.

It has been previously reported that p38 MAPK plays a specific role in immune
response and contributes to daf-2 mediated longevity. It has also been reported that
the daf-2 daf-16 IIS pathway maintains immune response as a part of a general stress
response mechanism[152]. Certain CUB-like domain proteins like F35E12.5 have been
shown to be under positive regulation of pmk-1 and under negative regulation of daf16. These genes show down regulation when both genes are active[152]. Here, I do
observe down regulation of F35E12.5 in N2 worms that were grown to Day 1 age
on media supplemented with RJ/eRJ and fed on E. coli OP50 (Fig5.4). This result
reitrates the involvement of both pmk-1 and daf-16 in a parallel manner to mediate
immune response on RJ/eRJ supplementaion.
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5.3.3

Royal jelly does not require cJun MAPK pathway to
promote immunity

Figure 5.5: RJ/eRJ mediated immune modulation in C. elegans against S. aureus
does not require the involvement of the JNK MAPK pathway

Table 5.3: RJ/eRJ mediated immune modulation in C. elegans against S. aureus
does not require the involvement of the JNK MAPK pathway
Worm strain Treatment Bacterial food
jnk-1(gk7)
Control
S.aureus
jnk-1(gk7)
RJ
S.aureus
jnk-1(gk7)
eRJ
S.aureus
jnk-1(gk7)
Control
OP50
N2
Control
OP50
N2
Control
S.aureus
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Mean±SE Median No of worms
10.44±0.12
11
174
12.23±0.15
12
170
12.65±0.12
13
175
11.41±0.14
12
179
12.95±0.12
13
157
11.21±0.14
11
162

p-value
0.001
0.001
0.001
0.001
0.001

DAF-16, the C. elegans FOXO homolog is a transcription factor that is required to mediate different stress responses in the worms[105]. DAF-16 is also phosphorylated by JNK-1 (a c Jun homolog) in C.elegans which leads to positive regulation
by JNK-1. This phosphorylation is known to be involved in the nuclear translocation
of DAF-16 for longevity and stress response [111]. Hence, epistasis lifespan assays
were performed jnk-1 (gk7) mutant grown on media supplemented with RJ/eRJ and
fed on S.aureus. It was observed that the lifespan of jnk-1 deletion mutant fed on
S. aureus had a mean lifespan of 10.44 days which is significantly shorter than the
N2 worms fed on S. aureus, 11.21 days. The jnk-1 deletion mutant also lived significantly shorter on S. aureus than it did on the control bacteria E. coli OP50, which is
11.41 days. It was found that RJ/eRJ supplementation extended the lifespan of the
jnk-1 mutant by 2 days compared to the respective control fed on S.aureus (Tab5.3).
As, deletion of jnk-1 did not affect the lifespan extending characteristics of RJ/eRJ
supplementation, I infer that jnk-1 is not involved in modulating RJ/eRJ mediated
immunity in C. elegans.

5.4

Discussion
Previously, the role of p38MAPK in immunity has been discussed using P.

aeruginosa, a gram negative organism[70]. It has been shown that certain candidate
antimicrobial response genes are regulated by p38 MAPK pathway[3]. Another study
which identified candidiate immune response genes active against S. aureus to not
be regulated by the p38MAPK[66]. Here, we show that the p38MAPK is required
for immune response against S. aureus. The difference in results could be due to
the methodology of the experiment. As the other lab employed qPCR to obtain the
data, the exposure of the worms to S. aureus was for a shorter duration than the one
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reported here. For lifespan assays the mutants are exposed the pathogen throughout
their lifespan, which would cause the change in gene expression. This study further
confirms that the p38 MAPK is required for royal jelly mediated immune response of
C. elegans.

This study reports that the cJun MAPK is required for immune response
against S. aureus.Although no previous report has claimed this response, another lab
has detailed the involvement of cJun MAPK patway in response to pore forming toxins by B. thurignesis[63]. As, S. aureus also produces pore forming toxins, aurolysins,
we can speculate that this exotoxin could elicit the cJun MAPK pathway response.
However this study finds, the cJunMAPK to be dispensable in royal jelly mediated
immune response.

Previously, studies on C. elegans immunity against P. aerugniosa have found
that the DAF-16 and PMK-1 act in parallel to elicit immune response[152]. This
study finds a similar conclusion for the worms response to S. aureus infection.It
has been reported that the declining and a rapid decline in p38 MAPK play a role in
reduced immune response towards pathogens[164]. It has been reported that aberrant
activation of p38 MAPK increases toxicity in C. elegans[16]. I have also shown
that RJ/eRJ supplementation improves the survival of older C. elegans N2 when
exposed to S. aureus. Hence, I propose that RJ/eRJ improves the immunity in older
worms by boosting p38 MAPK in older worms and improving the interactions of
genes downstream of the p38 MAPK and IIS pathway throughout the lifespan of the
worms.
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Chapter 6
WNT SIGNALING ACTS
THROUGH BAR-1 ALONG
WITH DAF-16 IN RJ/eRJ
MEDIATED IMMUNE
RESPONSE IN C. elegans
AGAINST S. aureus
6.1

Introduction
Beta catenins in Wnt Signaling.
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6.1.1

Role of BAR-1 in immunity in C. elegans
BAR-1 is the β-catenin homolog in C. elegans ans a key component of the Wnt

signaling. The BAR-1 pathway in C. elegans is essential for Q neuroblast migration,
vulva development amongst others. The general target of BAR-1 are the homebox
(hox) genes[131]. However, bar-1 and it’s downstream hox gene egl-20 have been
implicated in immune response against S. aureus[66].DAF-16 dependent genes like
mtl-1, sod-3, dod-22 have been implicated as some of the common immune responses.
These are also active against S. aureus [76]. However, the interaction of BAR-1 and
DAF-16 have not been studied in the immune response.

6.1.2

Interplay of BAR-1 AND DAF-16
BAR-1 along with DAF-16 has been shown to be important for the formation

of starvation induced dauers and longevity. It was also shown that BAR-1 physically
interacts with DAF-16 to enable these actions. DAF-16 does not interact with HMP2 or WRM-1 the other two homologs of β- catenin. The interaction of SYS-1 and
DAF-16 has not been studied yet. BAR-1 is also shown to be essential for activation
of oxidative stress through (Superoxide dismutase) SOD-3 in a DAF-16 dependent
manner.

It is also shown that BAR-1 does not interact with its(What is it)TCF, POP-2
to mediate this oxidative stress response. It is also shown that the β- catenin FOXO
interaction is conserved in mammals [31].This opens the possibility of the role of this
interaction to be involved in other stress response mechanisms like pathogen stress response. It also suggests that BAR-1 is capable of binding to proteins other than TCF.
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Another study revealed the interaction between the role of β- catenin, TCF
and FOXO in colon carcinoma cells. In these cells, they found that FOXO activation
greatly reduces TCF dependent transcription and expression of its downstream genes.
The β- catenin under stress conditions plays a role in activating FOXO dependent
gene expression over TCF dependent genes. In this system, TCF and FOXO compete
for β- catenin and the interactions depend on the environment. They also show that
peroxide stress induced FOXO expression can also cause β- catenin to bind to it [58].

In a study on osteoblasts cells, it has been found that oxidative stress can induce up regulation of FOXO associated with β- catenin simultaneously with reduction
of TCF activity. However an overexpression of β- catenin in these cells resumed the
TCF activity. The upstream pathway of canonical wnt signaling has been suggested
to be involved in the activation of β- catenin in this FOXO mediated oxidative stress
response. This study suggests that availability of β- catenin would also play a role in
determining the choice of downstream pathways that could be involved in response
to the cells environment [2].

BAR-1 DAF-16 interaction is also shown to be important in neuroprotection
in C.elegans. It is shown to be involved in protection from Huntingtons disease
by activating the mitochondrial uncoupling protein [115]. For the neuroprotective
nature of this complex, Sir2.1 is also required. The canonical Wnt signaling pathway
is involved in the neuroprotection [115].
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6.2

Strategy
The main effector in the Wnt signaling pathway is the β-catenin. In C. elegans

one of the key β-catenin homolog is BAR-1. To study the involvement of BAR-1,
epistasis killing assay was performed on the complete bar-1 deletion mutant, bar-1
(ga80)[26]. The deletion mutant worm was maintained at 16o C. The worms were
synchronized on RJ/eRJ supplemented NGM media seeded with E.coli OP50 AT
25o C. Worms were allowed to reach L4 age. These L4 age worms were transferred
to their respective NGM FUdR plates seeded with concentrated S. aureus. Lifespans
were carried out at 25o C and scored every 24 hours. Appropriate C. elegans control,
the wild type N2, the bacterial food control E.coli OP50 and nutraceutical control,
media without RJ/eRJ were also run.

After testing the involvement of bar-1, the upstream components of Wnt signaling were also tested. They were also tested by performing epistasis killing assays
on deletion mutants. The deletion mutants for the Wnt signal egl-20 (mu39), the wnt
signaling receptor lin-17 (e1456), the axin homolog axl-1 (tm1095) and the disheveld
homolog dsh-1 (ok1445) were used in this study. All of these worms were maintained
at 25o C. These mutants were synchronized on RJ/eRJ at 25o C to reach L4 age. The
L4 age worms were then transferred on to corresponding FUdR plates seeded with
concentrated S. aureus. The lifespan assay was carried out at 25o C and was scored
every 24 hours. Appropriate C. elegans control, the wild type N2, the bacterial food
control E.coli OP50 and nutraceutical control, media without RJ/eRJ were also run.

To study the interplay of BAR-1 and DAF-16, daf-16 was silenced by RNAi in
bar-1(ga80) deletion mutants and these worms were tested through epistasis killing
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assays. C. elegans bar-1 deletion mutant bar-1 (ga80) was synchronized on NGM
supplemented with RJ/eRJ seeded with E. coli OP50 to develop to the L4 age at
25o C . At this age the worms were transferred on to their respective RNAi NGM
FUdR seeded with RNAi bacteria for daf-16. Worms were allowed to grow till Day 4
on these RNAi NGM FUdR plates at 25o C. The four day exposure to daf-16 RNAi
bacteria led to silencing of daf-16 in bar-1 deletion mutant worms. These worms were
then transferred on their respective NGM FUdR plates seeded with concentrated S.
aureus. Lifespans were conducted at 25o C and scored every 24 hours. Appropriate
control for the worms, wild type N2 were run on all the media, RNAi empty vector
pL440 and bacterial diet E. coli OP50. There were controls for the media, NGM
without any nutraceutical supplement were run for all variables. The experiment was
set up as follows (fig6.1)
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Figure 6.1: Schematic experimental design of killing assay to test BAR-1 DAF-16
interplay
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β-catenin is known to be involved in development and homeostasis. To study
the role of BAR-1 in protein homeostasis through RJ/eRJ supplementation, total
protein content of C.elegans bar-1 deletion mutant (ga80) was analyzed. C.elegans
bar-1 deletion mutant (ga80) was age synchronized on Control, RJ/eRJ NGM seeded
with OP50 at 25o C to reach the L4 age. At the L4 age, worms were transfered on
to appropriate NGM FUdR plates seeded with concentrated E. coli OP50. Worms
were allowed to reach Day 4 age at 25o C and were then collected after repeated
washing with S- basal to remove bacteria. These worms were then solubilized in
lamelli’s buffer and centrifuged to pellet the insoluble proteins. The supernatant was
normalized to 5mg of worm sample run on 10% SDS PAGE gel. The gel was then
stained with coomasie blue. The intensity of the bands were proportional to the
amount of protein which were analyzed by imageJ.
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6.3

Results

Figure 6.2: RJ/eRJ requires the activity of BAR-1 in C.elegans for modulating immunity against S. aureus

Table 6.1: RJ/eRJ requires the activity of BAR-1 in C.elegans for modulating immunity against S. aureus
Worm strain Treatment
bar-1(ga80)
Control
bar-1(ga80)
RJ
bar-1(ga80)
eRJ
bar-1(ga80)
Control
N2
Control
N2
Control

Bacterial food Mean±SE Median
S. aureus
3.51±0.13
3
S. aureus
3.61±0.13
4
S. aureus
3.6±0.13
3
OP50
7.21±0.24
7
OP50
13.1±0.14
13
S. aureus
10.84±0.19
11
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No of worms
136
142
138
144
130
136

p-value
0.56
0.71
0.00
0.00
0.00

To study the involvement of β-catenin, epistasis killing assay was performed
on the deletion mutant bar-1 (ga80). BAR-1 is one of the four β-catenin in C.
elegans. The deletion mutant with a mean lifespan of 3.51 days when fed on S.
aureus lived significantly shorter than it did on the control diet of E. coli OP50, 7.21
days. This indicates that in the absence of bar-1, the worms are not able to put up a
strong resistance against S. aureus infection.BAR-1 is required for different aspects
of development like cell fate specification, cell division and cell migration. Hence, the
BAR-1 deletion mutant could be functionally compromised which could enhance its
susceptibility to the pathogen. BAR-1 is also known to activate anti bacterial peptide
response in C. elegans[66]. Hence, the lack of anti bacterial peptide could also explain
the potential decline in immunity. It was also observed that there was no significant
difference in lifespans of RJ/eRJ supplemented deletion mutant worms fed on S.
aureus compared to that grown in the absence of any nutraceutical(fig6.2,tab6.1).
This result indicates that bar-1 is important in RJ/eRJ mediated immunity in C.
elegans in case of a S. aureus infection. Hence ,if the β - catenin, BAR-1 is involved,
the canonical Wnt signaling which acts upstream of BAR-1 was then tested.
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(a)

(b)

(c)

(d)

Figure 6.3: WNT signaling is essential for RJ/eRJ mediated survival of C. elegans
on S. aureus
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Table 6.2: WNT signaling is essential for RJ/eRJ mediated survival of C. elegans on
S. aureus
Worm strain
egl-20(mu39)
egl-20(mu39)
egl-20(mu39)
egl-20(mu39)
N2
N2
lin-17(e1456)
lin-17(e1456)
lin-17(e1456)
lin-17(e1456)
N2
N2
axl-1(tm1095)
axl-1(tm1095)
axl-1(tm1095)
axl-1(tm1095)
N2
N2
dsh-1(ok1445)
dsh-1(ok1445)
dsh-1(ok1445)
dsh-1(ok1445)
N2
N2

Treatment
Control
RJ
eRJ
Control
Control
Control
Control
RJ
eRJ
Control
Control
Control
Control
RJ
eRJ
Control
Control
Control
Control
RJ
eRJ
Control
Control
Control

Bacterial food
S. aureus
S. aureus
S. aureus
OP50
OP50
S. aureus
S. aureus
S. aureus
S. aureus
OP50
OP50
S. aureus
S. aureus
S. aureus
S. aureus
OP50
OP50
S. aureus
S. aureus
S. aureus
S. aureus
OP50
OP50
S. aureus

Mean±SE Median No of worms
9.15±0.19
10
150
9.52±0.14
10
156
8.83±0.16
9
147
10.79±0.11
11
147
12.17±0.13
13
173
11.42±0.18
12
163
7.03±0.22
7
175
6.67±0.21
7
181
7.35±0.21
8
179
8.88±0.2
9
170
13.12±0.15
13
156
10.96±0.2
11
151
9.83±0.15
10
131
10.05±0.12
10
132
9.87±0.12
10
141
10.84±0.12
11
125
12.83±0.14
13
153
11.46±0.14
12
154
10.41±0.1
10
177
10.31±0.11
10
167
10.65±0.11
11
152
11.65±0.1
12
169
13.1±0.15
13
154
10.99±0.2
12
154
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p-value
0.492
0.01
0.001
0.00
0.00
0.14
0.25
0.001
0.00
0.00
0.57
0.63
0.001
0.00
0.00
0.71
0.06
0.001
0.00
0.00

Since, BAR-1, one if the C. elegans β-catenin homolog was found to be required for the RJ/eRJ mediated immune modulation, it was speculated if BAR-1
acts through the canonical WNT signaling pathway to mediate this response. To test
this hypothesis, epistasis killing assay was performed on deletion mutants of different
components from the canonical Wnt signaling pathway that are upstream of BAR-1.

The Wnt signal egl-20 (fig.6.3a), its receptor lin-17 (fig.6.3b) were first tested.
It was observed that deletion mutants that lacked either wnt signal or the receptor, C.
elegans had decreased ability to survive S. aureus infection with a mean of lifespan of
9.15 days and 7.03 days respectively when compared to their survival on the control
bacterial diet of E. coli OP50 having a mean lifespan of 10.79 days and 8.88 days
respectively. It was also found that the lifespans of these deletion mutants on media
supplemented with RJ/eRJ, fed on the pathogen S. aurues were not significantly
different than that on a media lacking any nutraceutical. Hence, it can be concluded
that the wnt signal EGL-20 and the wnt receptor LIN-17 are required for immune
response of C. elegans against S. aureus.

Downstream of the wnt receptor, the axin and dishelved negatively regulate
BAR-1 by preventing it from entering the nucleus. The axin homolog axl-1 (fig.6.3c)
and disheveled homolog dsh-1 (fig.6.3d) form a complex with BAR-1 to keep it in
the cytoplasm were therefore studied. When BAR-1 is in the cytoplasm it is in an
inactive state and is then ubiquitin tagged to undergo degradation.

It was observed that both the deletion mutants had mean lifespans of 9.83 days
and 10.41 days when fed on S. aurues compared to being fed on E. coli OP50 with
10.84 days and 11.64 days respectively.With this result we can interpret that different
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components of the canonical wnt signaling pathway are necessary to mediate immunity against S. aureus infections. It was also observed that RJ/eRJ supplementation
did not significantly prolong the lifespan of these mutants when fed on S. aureus.
This result indicates that the canonical WNT signaling is involved in the RJ/eRJ
mediated immune response in C. elegans against S. aureus. However, it is interesting
to note that the reduction in lifespan of these wnt signaling components is not as
drastic as that of the deletion of BAR-1 itself. Wnt signaling in C. elegans has five
known wnt signals, four known wnt receptors, three homologs of disheveled and two
homologs of axins. Hence, the mutants used in this study do not completely eliminate
BAR-1 expression[131]. So far only one GSK-3β homolog, gsk-3 has been identified
in C. elegans. Silencing of gsk-3, through RNAi and performing epistasis lifespan on
this mutant would be an effective method to test this pathway. In a recent paper,
the wnt signal cwn-2 and wnt receptor mig-1 were silenced by RNAi and shown to
be involved in immunity towards S. aureus[80]. Hence, it can be deduced that royal
jelly mediates immunity in C. elegans agaisnt S. aureus through Wnt signaling.
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Figure 6.4: RJ/eRJ supplementation requires BAR-1 and DAF-16 activity in C.
elegans for regulating immunity against S. aureus. compared to Control bar-1 daf-16
S. aureus
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Table 6.3: RJ/eRJ supplementation requires BAR-1 and DAF-16 activity in C. elegans for regulating immunity against S. aureus. compared to Control bar-1 daf-16 S.
aureus
Worm strain Treatment
bar-1
Control
bar-1
RJ
bar-1
eRJ
bar-1
Control
bar-1
Control
bar-1
RJ
bar-1
eRJ
bar-1
Control
N2
Control
N2
RJ
N2
eRJ
N2
Control
N2
Control
N2
RJ
N2
eRJ
N2
Control

RNAi
pdaf-16
pdaf-16
pdaf-16
pdaf-16
pL440
pL440
pL440
pL440
pdaf-16
pdaf-16
pdaf-16
pdaf-16
pL440
pL440
pL440
pL440

Bacterial food Mean±SE Median No of worms
S.aureus
2.1 ± 0.15
2
55
S.aureus
1.92±0.12
2
60
S.aureus
1.8±0.1
2
60
OP50
2.2±0.15
2
60
S.aureus
2.28±0.17
2
59
S.aureus
2.38±0.17
2
60
S.aureus
2.51±0.18
2
60
OP50
2.8±0.24
2
59
S.aureus
3.39±0.15
4
60
S.aureus
3.5±0.17
4
60
S.aureus
3.73±0.17
4
59
OP50
4.3 ±0.16
4
61
S.aureus
5.48 ±0.194
6
59
S.aureus
7.27±0.22
7
56
S.aureus
8.1±0.24
8
59
OP50
9.5 ±0.29
10
58
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p-value
0.37
0.14
0.6
0.327#
0.67
0.32
0.05
0.41
0.05
0.001
0.001
0.001
0.001

As both BAR-1 and DAF-16 have been shown to be involved in RJ/eRJ mediated immunity against S. aureus, their potential interactions in mediating this immunity is then examined. Here, the interplay of BAR-1 and DAF-16 by silencing daf-16
through RNAi in the deletion mutant bar-1 (ga80) was studied.

It is observed the N2 worms that were allowed to graze on the lawn of bacteria
with daf-16 RNAi till Day 4 had a mean lifespan of 4.3 days and 3.39 days after
subsequent transfer to either E. coli OP50 or S. aureus respectively, which is shorter
than their empty vector counterparts, 9.5 days on E. coli OP50 and 7.27 days on S.
aureus (Tab 6.3). This result indicates that this treatment successfully induces RNAi
in worms and that the RNAi effect extends throughout the lifespan of worms. After
silencing daf-16, the mutants die faster in presence of S. aureus than OP50, which
reiterates the necessity of DAF-16 in C. elegans immunity.

Bar-1 deletion mutants had a shorter lifespan compared to DA-16 RNAi of N2
worms, which is in accordance with the lifespan data of the two mutants previously
observed. BAR-1 deletion mutants finally fed on S. aureus show a shorter lifespan
than those that are fed on E. coli OP50, indicating that BAR-1 is required to maintain immunity in C. elegans against S. aureus. It was then observed that lifespan
of bar-1 deletion mutant which had daf-16 silenced and subsequently exposed to S.
aureus showed a mean lifespan of 2.1 days which is not significantly different from
that of the bar-1 mutant that did not have any gene silenced(mean lifespan of 2.28
days). This result implies that BAR-1 would act along with DAF-16 to mediate
immunity. However on subsequent rounds the difference in the lifespans showed significance althogh thy were half a day apart. Also, the lifespans of OP50 and S. aureus
treated worms in these conditions are not significantly different. Hence, deletion of
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both genes would make the worms too sick to accurately reflect their combined effect
on immunity. This data does not conclusively provide evidence of DAF-16 - BAR-1
interactions.

It is also observed that RJ/eRJ supplementation showed a lifespan of 1.92
days and 1.8 days respectively which is not significantly alter the mean lifespan of the
double mutant fed on S. aureus when compared to the control without nutraceutical.
This indicates that RJ/eRJ act through both BAR-1 and DAF-16 to elicit their effect.
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Figure 6.5: BAR-1 is required for proteostasis in older C.elegans

Table 6.4: BAR-1 is required for proteostasis in Day 4 C.elegans
Treatment Ratio of density ±SE p-value
Control
1
RJ
0.87±0.06
0.1
eRJ
1.04±0.07
0.66
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Figure 6.6: BAR-1 is required for RJ/eRJ mediated lifespan extension in C. elegans
N2
Worm strain Treatment

Bacterial food

Mean±SE

Median

No of worms

p-value

bar-1(ga80)

Control

OP50

7.29±0.17

8

178

bar-1(ga80)

RJ

OP50

7.38±0.16

8

171

0.967

bar-1(ga80)

eRJ

OP50

7.54±0.16

8

175

0.485

N2

Control

OP50

12.02±0.13

12

179

N2

RJ

OP50

13.43±0.12

14

178

N2

eRJ

OP50

13.07±0.12

13

178

I then tested if BAR-1 is required for protein homeostasis in aged population
of worms. To test the hypothesis, comparison of soluble proteins in Day 4 old bar-1
deletion mutant (ga80) was studied. Age synchrnoized BAR-1 deletion mutants were
grown on media supplemented with RJ/eRJ with a diet of E. coli OP50 to reach L4
age.Thirty L4 age worms were transferred on to media supplemented with RJ/eRJ to
reach Day 4 age at 25o C and were then collected(Tab 6.4). Hence, it can be inferred
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that bar-1 plays a role in proteostasis in older C. elegans.

6.4

Discussion
Previously, bar-1 has been shown to be involved in oxidative stress response

in C. elegans[31]. It has also been reported that bar-1 plays an important role in C.
elegans immune response towards S. aureus[66]. Hence, it was hypothesized that bar1 might be required for RJ/ eRJ mediated immune response against S. aureus. This
study shows that bar-1 is required for royal jelly mediated immune response to S.
aureus. As bar-1 the β - catenin is required for this immune response, it is interesting
to investigate the involvement of the canonical wnt siganling of which, the β - catenin
is part of. This is the first study to examine if nutraceutical supplementation can
promote innate immune response through the involvement of wnt signaling pathway.
It is exciting to report that the wnt signaling is involved in the royal jelly mediated
immune response against S. aureus. Recently it has been reported that cholinergic
muscarinic receptors regulate wnt signaling response to S. aureus[80]. Hence, this
opens up the possibility of royal jelly acting on the neural gut axis to promote immunity.

It was previously shown that BAR-1 and DAF-16 are involved in RJ/eRJ
mediated immune response against S. aureus[31]. BAR-1 has also been shown to
be required to enhance DAF-16 activity[31]. It is known that BAR-1 and DAF-16
interact to generate oxidative stress response. It is also been shown that BAR-1 is
important in immunity against S. aureus[66]. This study shows that royal jelly requires both pathways to mediate its immunity, however it cannot conclusively prove
the interactions of both pathways in mediating immunity against S. aureus.
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BAR-1 is essential for cell fate determination and development[131]. BAR1 interacts with DAF-16 to enable oxidative stress response[31]. DAF-16 has been
shown to play a role in maintaining RJ/eRJ mediated protein homeostasis, proteostasis in older C. elegans[157]. Better proteostasis would lad to better tissue maintenance. Good tissue maintenance would lead to well functioning organelles, which
includes better gut integrity. Hence, it was hypothesized if bar-1 is also essential for
maintaining proteostasis in older C. elegans. This study finds that bar-1 is required
for proteostasis in C. elegans. Hence, bar-1 and daf-16 could interact to increase
gut integrity. There is a possibility that daf-16 also acts independently in reducing
inflammaging.
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Chapter 7
CONCLUSION AND FUTURE
DIRECTIONS
7.1

Conclusion
In this study we found that different Gram positive pathogens (E. faecalis

and S. aureus) and Gram negative pathogens(V. cholerae and S. Typhimurium) can
cause killing of middle aged and older aged C. elegans. The killing in older worms is
enhanced by the decline in immunity, immunosenescence in these worms.This study
is the first to test immunosenescence in C. elegans caused by gram positive pathogens.

It was discovered that royal jelly has the ability to retard immunosenescence
against these pathogens. We tested royal jelly and hydrolytic enzyme treated royal
jelly, that has reduced allergenic properties to retard immunosenescence. We are excited to report that both forms of royal jelly can retard immunosenescence against
these pathogens. Throughout the study, we found that both forms of royal jelly
expressed similar properties. This is the first study of the effect of royal jelly on
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immunity in an invertebrate model. Royal jelly can be administered as a preventative or curative supplement to improve immunity in C. elegans against the pathogens.

Royal jelly is known to have anti bacterial properties[29]. However at the concentrations used in our study, 2mg/ml of royal jelly and 1mg/ml of enzyme treated
royal jelly does not significantly alter the growth of these pathogens. It was also found
that royal jelly does not modulate the expression of virulence factors of S. aureus at
the concentrations provided. I also found that one of the methods that royal jelly
mediates immunity is by improving the gut integrity of the worms. The increased
gut integrity would explain the preventive aspect of royal jelly’s immune response. It
was also found that royal jelly supplementation does not improve the gut integrity
of worms already fed on pathogens. This shows that royal jelly mediates immunity
through different immune responses in C. elegans. It not only improves the physical
barriers but might also increase the anti microbial response to the pathogen. Royal
jelly supplementation does not alter the worms behavioral response to pathogen infection.

The study finds that insulin like signaling pathway which mediates general
stress response in C. elegans on royal jelly supplementation is also required for its
immune response[158]. The major downstream effector involved in the insulin like
signaling response was found to be DAF-16. Previous studies have reported decline
in p38 MAPK, the major immune response pathway in C. elegans to be play a role in
immunosenescence[164]. Here, I am happy to report that p38 MAPK is required for
royal jelly mediated immune response. Hence, sustained activity of the p38 MAPK
could contribute to retardation of immunosenescence. The most exciting component
of this thesis is the study of canonical wnt signaling in immune response to S. au117

reus.Conventionally, canonical wnt signaling is known to be necessary in development
of an organism. For almost a decade only the role of the β - catenin was known to
mediate immune response against S. aureus[66].It is only recently that the role of the
canonical wnt signaling has been detailed[80]. Here, I report that the wnt signaling
pathway is necessary for royal jelly to mediate immune response against S. aureus7.1.
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Figure 7.1: Summary of pathways involved in royal jelly mediated immune response
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7.2
7.2.1

Future directions
Post translational modifications in DAF-16
The transcription factor DAF-16 is a key regulator of royal jelly mediated

immune response.It activates oxidative stress, immune response, longevity amongst
others. One of the means by which DAF-16 is capable of eliciting these responses
through post translational modifications[105]. The common modifications in C. elegans include phosphorylation, acetylation, methylation and ubiquitination[105].

Phosphorylation of DAF-16 occurs at the conserved RxRxxSS/T motifs by
AKT-1/ AKT-2 that leads to inactivation of DAF-16. Inactive DAF-16 is sequestered
and retained in the cytoplasm[85, 105]. However, DAF-16 can also be phosphorylated
by other pathways. Phosphorylation by JNK-1 is known to increase the nuclear localization of DAF-16. The phosphorylation by JNK-1 occurs at the N - terminal
fragment of DAF-16. This phosphorylation is important for lifespan extension and
heat shock resistance in C. elegans[111].More specific phosphorylation of FOXO by
JNK in eucaryotes is shown to happen at sites threonine 447 and 451 in response to
oxidative stress[30].Lifespan extension induced by dietary restriction is due to DAF16 phosphorylation by ATP MAPK (AMPK). AMPK phosphorylates DAF-16 at six
different Threonine and Serine resides[48].

Ubiquitination negatively regulates DAF-16.DAF-16 in the cytoplasm is in
its inactivated form. I native DAF-16 is primed with ubiquitin by REL-1, the E3
ubiquitin ligase. The ubiquitin ligation leads to destruction of cytoplasmic DAF-16.
Ubiquitination of DAF-16 influences longevity, stress resposne and pathogen resistance mediated by DAF-16[86].
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Methylation positively regulates DAF-16. Methylation on certain Arginine
sites of DAF-16 is carried out by Protein arginine Methyl Transferase (PRMT-1).PRMT1 causes asymmetrical dimethylation of arginine. Methylation occurs on certain RxR
sites that prevent phosphorylation by AKT1/2 at T242. Hence, the unphosphorylated DAF-16 localizes to the nucleus to mediate longevity, stress resistance and fat
storage. Methylation however does not affect the dauer formation in C. elegans[145].

Sirtuins are NAD dependent deacetylating proteins. They are known to cause
regulation through histone deacetylaion. In C. elegans, the sirtuin homolog SIR 2.1
has modulates lifespan, thermal and oxidative stress in a daf-16 dependent manner[159,
151]. Deacetylation of DAF-16 can lead to activation or repression of the DAF-16
targeted genes. A scaffolding protein 14-3-3 has also been implicated in the sirtuin
mediated stress response in C. elegans. The 14-3-3 homologs in C. elegans, ftt-2 and
par-5 have been involved in retaining the Phosphorylated DAF-16 in the cytoplasm.
However, they also play a role in forming a complex with SIR2.1 and DAF-16 in
the nucleus and are necessary for the SIR2.1 mediated lifespan extension and stress
resistance[10]. Sirtuins and 14-3-3 act in parallel to insulin signaling pathway in C.
elegans and act on DAF-16[159, 10].

Royal jelly mediated post translational modification of DAF-16 can be studied using mass spectrophotometry analysis of DAF-16 samples obtained from worms
grown in presence of the nutraceutical . To conduct this study, C. elegans N2 worms
would be treated to royal jelly (RJ/eRJ) supplementation from egg to L4 stage and
these worms would be collected. The collected worms would be solubilized in a non
detergent lysis buffer. Solubilization would be done sing passing worms through a
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syringe and repeatedly freeze thawing the in between. The lysate would then be run
on a 10% SDS gel and the approximate band size of DAF-16 (55- 72kDa) would be
excised. In gel digestion of this excised band can be carried out[135]. However, the
gel can still provide background noise.

To reduce the background noise, the protein from the excised band would be
eluted in to a solution using electro elution. This solution would be passed through
an affinity column having DAF-16 mab. Through this treatment DAF-16 from the
worms can be isolated and studied by performing in solution digestion and analysis
by mass spectrophotometry.

7.2.2

DAF-16 BAR-1 interactions
In previous chapters, this study has shown that DAF-16 and BAR-1 are re-

quired for royal jelly mediated response to retard immunosenescence. DAF-16 and
BAR-1 have shown to physically interact to cause oxidative stress response[31]. FOXO
- β - catenin have also been reported in animal models[58]. However, the co regulation
of DAF-16 and BAR-1 towards immune response has yet to be studied.

BAR-1 DAF-16 interactions can be studied using affinity column. C. elegans expressing BAR-1 GFP fusion protein in a BAR-1 deletion background is
available[26]. These worms can be grown in presence of royal jelly under non pathogenic
condition and collected. These worms can be solubilized as mentioned above and
passed through a DAF-16 affinity column. If DAF-16 and BAR-1 physically interact,
then the elute should contain the BAR-1GFP fusion protein which can be identified
through western blot using an anti GFP ab. Another strategy to study DAF-16 BAR-
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1 interactions is through performing mass spectrophotometry. C. elegans grown on
RJ/eRJ can be collected and lysed as mentioned in the previous sub section. This
lysate can be passed directly though an affinity column containing DAF-16 mab. The
lysate should have DAF-16 and its interacting proteins which can be digested using
in solution digestion protocol and analyzed through mass spectrophotometry[33].

7.2.3

Role of royal jelly in mediating neural gut interaction
to promote gut health
Gut integrity is a key aspect of immunity in C. elegans. Intact gut leads to

reduced colonization of the gut by bacteria and promotes longevity in C. elegans[119].
Increase in age has shown to cause decline in immunity through p38 MAPK and an
increased gut colonization associated with it[164]. C- type lectin, that are involved
immunity in C. elegans, clec - 60 is known to be regulated by p38 MAPK and bar1[66]. BAR-1 and the canonical want signaling pathway have been recently shown to
regulate immunity in C. elegans. It has been shown that pathogenic bacteria stimulate cholinergic receptors of the muscarinic signaling which in turn induce the wnt
signaling pathway via transcription factors ELK-1/3[80]. Hence, a neural gut interactions are important in regulating gut immunity.

We have shown that royal jelly improves gut integrity in C. elegans. I have also
shown the involvement of p38 MAPK and BAR-1 in maintaining immunity. BAR-1 is
also required for the regular lifespan and proteostasis in C. elegans. Hence, it can be
hypothesized that royal jelly improves the neural gut interactions in aged C. elegans
to retard immunosenescence.
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To study this effect, I would first examine the involvement of the three cholinergic muscarinic receptors, GAR1-3. We can study these receptors by performing
epistasis killing assays on the deletion mutants in non pathogenic and pathogenic
conditions. The GAR-1 triple deletion mutant JD269 and individual deletion mutants of GAR1(ok755), GAR -2 (ok520), GAR - 3 (gk305) are available in CGC.
GAR1-3 are G protein coupled receptors and they act on G protein q (egl-30) which
in turn activates the protein lipase C (egl-8). The involvement of these genes cann be
studied through epistasis assays with their deletion mutants egl-30 (ad805) and egl8(n488). After confirming the role of the muscarinic pathway we can check if the act
through lin -1 the transcription factor homologous to ELK1-3 protein in C. elegans.
The deletion mutant for lin-1 (n176) is available from CGC for epistasis killing assays.

To further study the downstream effectors of this response, we can study the
age dependent change in gene expression of BAR-1 regulated anti bacterial peptides
that act in the intestine. We can grow the clec-60:gfp and F53A9.8 gfp worms in
presence of royal jelly under pathogenic and non pathogenic conditions and study
the change in gfp expression with age[66]. With increase in age, there would be a
decline in induction of these genes compared to the non pathogenic conditions which
can be observed as decreased gfp expression. We can then study if royal jelly retards immunosenescence in the gut through the muscarinic pathway. We can silence
the muscarinic receptors gar1-3 genes through RNAi in clec-60gfp and F53A9.8 gfp
worms and then expose them to the pathogen. If royal jelly requires the muscarinic
pathway to mediate their response, then the gfp expression would decrease dramatically on silencing of the receptor genes.

Muscarinic pathway is known to activate wnt signaling in C. elegans in re124

sponse to S. aureus by the action of lin-1, an ELK-1/3 protein. ELK-1/3 belongs
to ETS (E26 Transcription specific sequence) family of transcription factors. These
transcription factors are known to regulate various aspects of development and differentiation in different vertebrate and invertebrate organisms. These transcription
factors are also known to modulate innate and adaptive immunity in mice in response
to toxins [110]. Activity of ETS is regulated by post translational modifications by
MAPKs[110].In C. elegans, the homolog ELK-1/3, lin-1 is regulated by the ERK
MAPK pathway[82]. Hence, we can study if the ERK MAPK pathway regulates lin-1
in resposne to pathogenic stress. The involvement of ERK MAPK in pathogen stress
has not been explored in detail yet. We can conduct this study by silencing mpk-1 in
lin-1 mutants and conducting RNAi studies similar to the one mentioned in the previous chapters. If lin-1 is regulated by mpk-1 then the lifespan of the double mutant
should be the same as lin-1 individual lifespan. We can confirm if the regulation is
due to phosphorylation by studying post translational modifications of LIN-1 through
performing mass spec analysis on N2 and mpk-1 rnai worms exposed to S. aureus.
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